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NOTICE

The project that is the subjcct of this report was approved by the Govern-
ing Board of the National RL Arch C,,tncil. whose members arc drawn from the
councils of the National Academy of Sciences. the National Academy of Engi-
neering, and the Institute of Medicine. The members of the committee respon-
sible for the report were chosen for their special competences and with regard
for appropriate balance.

This report has been reviewed by a group other than the authors according
to procedures approved by a Report Review Committee consisting of members of'
the National Academy of Sciences, the National Academy of Engineering, and the
Institute of Medicine.

The National Research Council was established bv the National Academy of'
Sciences in 1916 to associate the broad community of science and technology
with the Academy's purposes of furthering knowledge and advising the federal
government. The Council operates under the authority of its congressional
charter of 1863, which establishes the Academy as a private, nonprofit, self- ,
governing membership corporation. The Council has become the principal opur-
ating agency of both the National Academy of Sciences and the National Academy
of Engineering in the conduct of their services to the government, the public.
ani the scientific and engineering communities. It is administered jointly b\
both Academies and the Institute of Medicine. The National Academy of
Engineering and the Institute of Medicine were established in 1964 and 1970.
respectively, under the charter of the National Academy of Sciences.

This report represents work under Contract No. F49620-85-C-0107 between the
United States Air Force and the National Academy of Sciences.
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STATEMENT OF TASK

The Committee on Net Shape Technology in Aerospace Structures will conduct ' ' '
a workshop on net shape technology to assess whether the development of mater- %
ial and manufacturing technology in net shape fabrication processes is progress-
ing to meet future requirements. Emerging processing technologies will be
addressed if the net shape technology workshop indicates such a requirement. t-,.
This would be the second workshop. A third workshop will be considered fol-
lowing the second workshop in the area of composites. %

The committee will consider technology advances to support improved per-
formance requirements. The study should identify the hurdles in manufacturing
technology to fabricate net shape products that will meet improved performance
levels with enhanced levels of productivity with reduction in overall cost.

The final report to Air Force Systems Command should provide a road map of
research and development efforts in performance and manufacturing technologies
and resource allocation.
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PREFACE

In the spring of 1984 the Commander, Air Force Systems Command, requested
the Air Force Studies Board to assess the manufacturing technology of net and
near net shape components for Air Force Systems. A committee was organized
under the chairmanship of Dr. Morris A. Steinberg, Vice President for Science.
Lockheed Corporation. The committee first met in July 1984 to outline a course
of action for this study.

The committee held three workshops: Workshop 1, Precision Forgings in Acro-
space Structures; Workshop 2, Emerging Net Shape Technologies; and Workshop 3.
Composites.

" This report is in four volumes. Volume I is the committee's assessment of
the state of net shape technology for aerospace applications based on briefings.
and discussion at the workshops. s It includes recommendations and road maps for
research and development needed to properly advance the use of net shape tech-
nology, and represents the position of the National Research Council. Papers
presented by invited speakers at the workshops appear in Volume II (precision
forging), Volume III (emerging technologies), and Volume IV (composites). The
opinions expressed in these papers are solely those of the respective authors.
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EXECUTIVE SUMMARY

Net shape technology concerns fabrication of parts directly to final dimcn-
sions. It promises significant savings in the manufacture of high-performance
aerospace structures, sa ings that are mandatory in today's economic climate.
To help realize thcsc potential benefits, the Air Force Systems Command asked
the Air Force Studies Board (AFSB) of the National Research Council to assess
the manufacturing technology of net and near net shape parts. The board was to
identif\ needs that must be met to satisfy the demands of emerging weapons-' -.

s\stems.

The AFSB Committee on Net Shape Technology in Aerospace Structures assessed . - -

the technology in three areas: precision forging, emerging net shape technolo- .

gies, and composite materials. The committee developed 60 recommendations and
devised road maps for the work needed to resolve the technical and institu-
tional problems identified. The recommendations and road maps appear in this .,-

volume of the report.* This Executive Summary includes only the recommenda- -

tions of broadest import.

PRECISION FORGING

Precision forging is used ma inly with aluminum alloys, but also with
titanium allo\s, nickel base superalloys, and steels. The process yields parts
that require little or no machining and are uniformly strong. The dies cost
more than conventional forging dies, but the difference may be offset by fewer
than a dozen parts because of savings in machining costs. Precision forging
today is used primarily to reduce costs by reducing the materials and machining -
nccdcd to attain net shape. The benefits it offers in the properties of parts
are not yet a major factor in its selection over competing metal-forming ,,
processes.

Savings Achievable .

The sa\ings achievable by precision forging depend on several factors.
including the material and geometry of the part. As an indicator, however.
whcn more than 00 parts are to be made, precision forging of aluminum alloys
ma\ reduce cost as much as 90% compared to parts machined from stock.

*The report includes formal briefings at three workshops organized by the

coImmittec. These appear in Volumc II (Precision Forgings in Aerospace
Structurcsh. Vol ime III ( Emerging Net Shape Technologies). and Volume I V
(Future Composite Manufacturing Tcchnology).
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Forgi ng Tech nology

Precision forging of aluminum allos is tcchnologicallv well established.

although highlv empirical. Precision florging of titanium alloys is more d i- , °
ficult and less well dcvcloped, although used regularly on a production basis.
Wider use of the process with alloys of both metals is inhibited by tcchn icalI
problems that include limitations on the sizes of parts that can be made, par-
ticularlv from titanium.

The Forging Industry

In addition to technical difficulties, the nature of the precision forging

industry itself inhibits wider use 01' the process. Of the approximately 200
forging shops in this country, only about 20 supply precision forged parts for
the multibilion dollar aerospace industry. Precision forging is highly cap-
ital intensive. The companies involved tend to be relatively small, with aging
equipment prone to breakdown. Studies of the industry have revealed man\
bottlenecks. They includc inordinate use of critical equipment for die tryout '
and proofing, outdated methods of die design and fabrication, and inadequate ."-
methods for materials handling and production control.

The state of the art in designing and producing forging dies and forgings
involves computer aided design and manufacturing (CAD/CAM) and numerically
controlled (NC) machining. These technologies are not vet widely used for
several reasons: some techniques are not fully developed, the costs of intro-
ducing the technologies arc relatively high, especially for small companies.
and qualified manpower is in short supply.

The precision forging Industry on the whole seems ill-equipped to cope with
asurge in ci\ilian aerospace demand or a mobilization effort. As matters nok
stand, the industry's entire capacity in CAD/CAM and NC machining would be tied
up by one commercial aircraft program released for production with I,_00 pre-
cision forging configurations.

The large aerospace companies are generally adapting the new technologies
to their particular needs. The Air Force is pursuing an advanced computer
aided engineering (CAE) system, including a generic computer program (ALPID)
that can be applied to any of the common metalworking processes. Nevertheless.
diffusion of advanced technologies through the precision forging industry faces
serious barriers, not the least of which is the size of the necessary capital
investment.

Large Press Capability .-

The committee considered the desirability of acquiring a large forging
press capability in the United States. The question has been debated for
almost 20 years. Significant studies have been made and reported, but no action ,, -.
has occurred at any level. We recognize the apparent need for improved capa-
bility for large near net or net shape forgings, with plan view areas greatly
in excess of 600 sq. in. We further recognize that significant improvements in
control of forging parameters have been made in recent years. With this
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understanding, we belicvc that a second generation of Lare forging Presses.
incorporating the latest technology in microcomputer control, ALPID computer
propramming etc. warrants consideration by the Air Force.

Recommendations - Forging

The needs that follow are the most pervasive of the 24 identified by the
committee in precision forging. We recommend that all of the 24 needs be met
to insure the existence of a sound industrial base in this important tech-
nology.

* Rapid further development and field application of the Air Force's
*" ALPID program for CAD ICAM in metalworking and completion on schedule of

the Manufacturing Science Program in Die Design and Manufacturing.

0 Incentives for encouraging modernization and expansion of firms pro-
ducing precision forgings by:

*- -- Adoption of CAD/CAM.
Improved use of equipment.

-- Improvement of the forging process.
-- Addition of capital equipment, including inspection equipment.
-- Financial partnership of prime contractors and subcontractors

to increase investment and profitability.
-- Provision of R & D funds directly to small forgers to permit

them to improve the use of existing equipment and improve the
quality of their products.

* An organized effort by the aerospace industry and the Air Force, in
cooperation with the Forging Industry Association, to develop training
programs for precision forging die design and manufacture, including NC
programming and machining. Such programs would include simple methods
and computer assisted techniques. %

0 Encouragement and funding of basic and applied research in net shape
forging, including: prediction of metal flow; distribution of stress,
strain, and temperature in the workpiece; and load and energy
requirements during deformation.

. Expanded activities on the finite element and other methods to develop
codes adaptable to analysis of precision forging, die design, lubricant
selection, etc., and to remove existing barriers to use of CAD/CAM.

0 Encouragement of funding of additional research on methods for improv-
ing the properties of existing die materials and developing new die
materials.

EMERGING NET SHAPE TECHNOLOGIES

* Emerging net shape technologies that we examined were powder metallurgy,
- structural ceramics, powder consolidation processes, superplastic forming,

diffusion bonding, and vapor deposited coatings. These tcchno!ogies generally
are not new, but are still emerging as ways to make high-performance aerospace
parts.

3 I



,  Powder Metallurgy

It has become possible in the past few \,cars to make high-performanec parts
from rapidly solidified powders (RSP) using powder metallurgy (PM) techniques.
The powders arc dcnsified and extruded into billets that serve as stock for pre-
cision forging. The primary aerospace uses of this approach today arc super-
alloy turbine and compressor disks for aircraft jet engines.

A general problem with PM superalloys is contamination by ceramic inclu-
sions and trapped gas voids during 1)owder production. Potential solutions
include better melt-refining processes and ceramicless powder production facil-
ities.

* Developments in aluminum powder metallurgy include alloys intended in part
to replace titanium in uses where the rcqtU ired heat resistance lies between
that of conventional high-strength aluminum and titanium. A major need is a
consistent process, under real-time control, for making RSP aluminum alloy.

Consolidation of Metal Powders

Con solidation processes for metal powders include hot isostatic pressing
(Ill P) and consolidation by atmospheric pressure (CAP), a proprietary process.
Ill1P is used to press metal powders into billets for subsequent operations such
a, eC\trision and forging. It is also used to make near net shape parts, includ-
ing some aerospace parts, that are used as-H IPcd except for machining. The
fu t Ure of as-I IPed tech nology for aerospace parts is not clear because too
little is known ,f the structure and behavior of individual metal particles to
,Upport firm conclusions about the potential of the technolog .

CAP is used to compact metal powders into preforms for further processing
and c-an produce near net shapes. It is used commercially only for high speed
tool steels, but is being evaluated for making disks for gas turbines.

Structural Ceramics

Ceramics are unusually resistant to heat, and the newer ones, such as
silicon carbide and nitride, are much stronger than traditional ceramics.
Thesc characteristics have spti rred considerable research and development on N_
structural ceramic parts for use in extreme environments, such as gas turbines.

Most ceramic parts can be made by several processing routes. Generally
they in\ olve forming a powdcr into the desired shape, drying, and sintering.
Parts must be made as close as possible to net shape -- machining the sintered
material is costly and can reduce the strength of a ceramic part by damaging
its surface. All forming processes for structural ceramics require further
dc velopment to improve qtiality, reproducibility, reliability, productivity, and
c s~t.
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Superplastic Forming/Diffusion Bonding

Superplastic forming depends on the ability of a metal, under certain
conditions of temperature and microstructure, to elongate uniformly by several
hundred percent without failing. rhis property permits metals to be formed
into complex parts using methods not previously possible. In airframe and
engine components in the U.S., superplastic forming thus far is used mainly
with titanium sheet.

SDiffusion bonding involves intimate contact between parts at elevated
temperature and pressure and diffusion of atoms across the interface. The

combination of superplastic forming and diffusion bonding (SPF/DB) is well
suited to fabrication of titanium alloys. Parts can be formed and bonded by
SPF,,DB in sequential steps in the same equipment.

Vapor Deposited Coatings

Aerospace uses of net shape parts may impose demands on materials that can '
be met onlyN by resorting to protective or functional coatings. Airfoils in
aircraft gas turbines, for example, are protected against oxidation/corrosion
by NICrAIY alloy coatings (M can be nickel, cobalt, or iron). The performance
goals of the next generation of military gas turbine engines will call for sig-
nificant improvements in coatings. The requirement! will include erosion pro-
tection for titanium alloys, thermal protection for nickel base superalloys"vs
and thermal /oxidation protection for carbon-carbon composites.

The coatings of interest generally are deposited by physical or chemical 
vapor deposition processes. These processes tend to be based on exr:; ience
rather than detailed scientific knowledge, which handicaps scale-up and adap-
tation of processes to new materials. Theories of adhesion, for example, do
not adequately explain the behavior of some coating-substrate combinations.

Recommendations -- Emerging Technologies

We recommend that the 16 needs identified in emerging technologies be acted
on to speed sound application of the technologies to manufacture of net shape
aerospace parts. The needs of highest priority are specified below.

0 Closed-loop control of processes for producing rapidly solidified metal
powders. This effort will require the development of quantitative pro-
cess models, sensors for critical variables, and process controls. It
will require that relationships be established between process var-
ables and the quality and size distribution of powders. It may require
modification of atomization processes to permit continuous operation.

0 Accelerated R & D on improved melting methods and ceramicless atomiza-
tion for superalloy powders to support detailed design of a production
system incorporating these features.

,--
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* Development of proccss modeling and control of powder consolidation and
improvement of microstructural control of powder-metal parts.

* Scale-up of laboratory fabrication processes for structural ceramics to
the commercial level. Accelerated development of quantitative under-
standing of structural ceramic forming processes, the sensors and con-
trols needed to place these processes under closed-loop control, and
the associated data bases.

* A wider range of domestically produced ceramic raw materials, including
high-quality powders and reinforcing particles and fibers.

* Further development of the scientific basis of deposition processes.
and development of process models, sensors, and controls required for
real-time control of such processes.

FUTURE COMPOSITE MANUFACTURING TECHNOLOGY

Use of composites in U.S. military aircraft is dominated by thermosetting "
organic matrix materials, mainly epoxy polymers reinforced with graphite
fibers. Composites of this type comprise as much as 28% of aircraft structural
weight (on the AV-8B). Metal and ceramic matrix composites are less developed
than organic matrix materials and as yet have relatively few aerospace appli-
cations.

Composites are expected to comprise 40-50% of structural weight on the
Ad\anccd Tactical Fighter. This and comparable aircraft will require improved
composites for both airframes and engines. Organic and metal matrix composites
are candidates for both, and ceramic matrix materials are candidates for
engines. Applications of aerospace structural materials and current capa-
bilities and goals for composites are shown in Figure 1. As the figure shows,
advanced aerospace vehicles of the future will require materials that can -

withstand temperatures approaching 5000 o F. The structures of interest will .
include large transports, subsonic vehicles, supersonic fighters, high-
performance supersonic fighters. rotorcraft, missiles, and engines.

Thermoset Organic Matrix Composites

Graphite/epoxy composites are well suited to aircraft applications, but
have shortcomings. They arc brittle, their sensitivity to moisture limits them
to service temperatures below 260 0 F, and processing is slow and costly. The .,
prepreg used to make graphite epoxy parts is tape or cloth impregnated with
partly cured resin; it is converted to parts by stacking precut plies and
curing. The problems with prepreg are associated with its quality, reproduc-
ibility. variations in thickness, and physical defects. These problems raise
costs and hamper the automation needed for mass production of parts. A major
immediate need is close-tolerance prepreg manufactured to uniform specifica-
tions. Achieving the needed improvements in quality will require more thorough
characterization and standardization of starting materials than is now common.
and automated process 'ontrol and adjustment, ""

6 "I,
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1!hc cost of thcrmosct resin composite pa rs might bc rcduced by using
Id %An,.cd curing methods, such as nonautoclavc curing (under vacuum in an ovcn),
,:klld\ al! autoclave curing, pultrusion, radio frequcncy' (RF) curing, elastic
rCser %oi r molding (a compression molding process), and electron bcam irradi-
,It ion. Some such methods are in limited use or are used in other fields.
Do\ clopment of new curing techniques is not particularly costly and probably
\\ould bc~t be funded by rclati\ely small contracts. .- ,,

Tooling svstcnis muIst be adapted to the use of CAD/CAM. Metal tools are ,,

durable and conduct heat well, but suffer from the mismatched thermal expan-
sions o) f tools and parts. Compo.;ite tools do not have the thermal expansion
problem, but suffer from low thcrzmal conduct ivityv, poor durability, and high
maintenance and repair costs. Limited work on tooling systems and materials is
under wa,."

Thermoplastic Organic Matrix Composites

Much effort is under way to develop aerospace composites based on thermo-
plastic resins, which promise greater toughness and cheaper fabrication than
thermosets. The toughness would permit fuller exploitation of the properties
of graphite fibers now available. Since the fully polvmerizd flat sheet can
be thermoformed to shape, fabrication should be less costly.

Thermoplastics cost more than thermosets, and unforeseen deficiencies, such
as inadequate solvent resistance in some cases. have slowed their progress.
Their fatigue and creep behavior, espceially at high temperature, remain unccr-
tain. Candidate resin systems are multiplying, which hampers the development
of design and manufacturing data. Basic design data arc woefully lacking in
all systems. No composite parts based on thermoplastics arc yet fl\ ing.

Low Cost Production

of Organic Matrix Components

Low cost methods of making organic matrix composite parts are urgently
needed. Approaches include automated fabrication, new concepts in tooling and
curing, better methods of joining, and improved methods of nondestructive
ealuation (NDE) of parts. Automated fabrication techniques now emerging were
dc ecloped largely for parts designed originally for manual or semiautomated
techniques, but second generation composite structures will be designed for
fabrication by these facilities. Th us design-manufacturing integration is a
developing technology. Its progress should be coordinated and closely mon-
itored because of the real danger that each manufacturer might otherwise dev-
clop unique engineering capabilities and facilities. Such an outcome would
seriously impede surge capabilities, possibilities of teaming. and acquisition
of second sources.

I)cvelopment of integrated technology for dIcsign, fabrication, and tooling
for filament-wound pr ino r y structures is needed. PuL It rusion is used to make
ha prcs of constant cross-section c)ntinuously by pulling resin impregnated

reinforcing material through a heated die. Pultrusions arc rclati\ely afford-
able, but can be made only in st ,-a i gh t scct lions. 1:utu tre uses cou Id include
stI ffencrs for wing or fuselage covers of large tra nspo rt aircraft, shells
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of missile structures, or tubular parts of large space structures. Injection
molding inol\es injccting liquid resin into a closed die containing a stitched
preform of reinforcement material. The process is limitcd to detail parts, but
Is \cr\ effective for parts of highly curved or complex shape.

Se\ oral methods of automated fabrication of organic matrix composites arc
being dcvj.loped and used. They range from ply lamination through assembly and
quality assurance. A specific need is progress in sensor and video camera
technology for continually assuring that all parts of the fabrication system
are operating properly.

Emphasis on quality assurance of organic matrix composite parts is shifting
to continuous monitoring and inspection, from the earliest design phase through
the complete manufacturing process. Use of automated manufacture and NDE makes
delay in the disposition of rejected parts a serious problem that would be
eased greatly by the development of guidelines for assessing and repairing
manufacturing defects on the basis of statistically meaningful test data.

Additional issues concern standardization of materials and the supply of , ,
skilled manpower. Urgently needed are standardized classes of composite sys-
tems with extensive data bases of physical properties and design allowables. ,
The manpower problem is the result of the absence of a comprehensive approach
to training people in composites manufacturing and processing.

Metal Matrix Composites

Metal matrix composites, although at a much earlier stage of development
than organic matrix materials, promise very desirable characteristics: supe-
rior high temperature properties, low coefficients of thermal expansion, good
survivability. tailorable physical and mechanical properties, and adaptability
to net shape manufacturing. The high cost of materials and labor-intensive
fabrication methods impede their use. Many suppliers are small companies that
have limited resources and need increased development funding.

Process development for metal matrix composites should be focused on auto-
mated methods to make net shape parts at low cost. NDE of parts is critical,
and new way's are needed to inhibit degradation of reinforcing fibers during the
high temperature processing cycle. Establishment of a small technical effort
to follow commercial developments in these materials would be worthwhile.

Ceramic and Carbon Matrix Composites"-

Ceramic matrix composites are at an even earlier stage than metal matrix
materials, with the exception of carbon/carbon composites being developed for .",

jet engine parts. Ceramic matrix materials nevertheless have the best high
temperature potential of all composites, and lower radar detectability.

A general need for ceramic matrix composites is development of materials
and processes. Those available are limited and far from mature. They require
\A,-ork in several areas of basic science, including the micromechanics of tough-
ening and strengthening brittle materials. Also required are better methods of
N1) to determine degradation of fibers by reaction with the matrix.

9
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Expcrimental gas turbine parts are bcing made in France using a silicon
carbide matrix and carbon or silicon carbide fibers. Test parts with glass and
glass ceramic matrices have becn madc in the USA for gas turbines, diesel
engines, and other applications. Dcvclopment of near term uses for ceramic
matrix composites should be focuscd on secondary structures, such as high
temperature radomes, and shifted to more critical structures as the technology

.matures. The materials have good potential for electronic and microwave
packaging, and cutting tools arc being made commercially of alumina reinforced
% with silicon carbide whiskcrs.

Recommcndations -- Composites

To achieve lie required improvement in manufacture of high quality, afford-
able net shape composite aerospace parts, we recommend that action be taken on
the following needs:

Materials
0 Improve physical and chemical consistency and quality of thermoset

resin preprcg material. Establish a National Center and a Military
Handbook to set uniform specifications and standards for qualified
materials.

• Increase R & D funding of metal, ceramic, and carbon matrix compo-
nents. Monitor associated world-wide commercial activities and
development.

S"Manu facturing
• Coordinate organic matrix composites and computer-integrated design

manufacturing quality control to take full advantage of automated
manufacturing. Develop an associated costing method and data base.

- Continue development of associated manufacturing technology such as
pultrusion processes and injection molding for organic matrix com-
posites, and affordable net shape processes for metal and ceramic
matrix composite parts.

* Dcxelop special inexpensive fasteners for composites.
- Sponsor uniersitv positions in composite manufacturing.

Nondestructi xc Evaluation (NDE)
* Dc, clop NDE procedures and sensors for all composites manufacturing

operations including bonded joints and assemblies.

Rc vair
9 Dcvclop battle damage repair procedures using thermoplastic mater-

ials or adhesives that cuc rapidly at room temperature. Generate
repair information for automated battle damage assessment.

Ao lications
* Support applicatinn tudics that are performed by teams of prime

contractors, subcontractors, and materials and equipment suppliers
to develop the technological capabilities needed to transfer the
technology throughOut industry.

* Prox idc small amniunIs (5000000-S800,000) of Air Force discretion-
ar I funds for rapid(l dcclnpmcnt of critical technological needs.
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Conclusion

We concluded that technology for producing net shapes is not advancing fast
enough to meet Air Force needs. The investment strategy we recommend for
improving net shape technology is described in road maps for research and
development and related efforts. They show in coordinated form the tasks to be
pursued and the years of effort likely to be required. As noted at the outset
of this summary, the road maps and all of the recommendations appear in this
vo~ume of the report.

We wish to emphasize, finally, that swift progress in net shape technology
promises considerably more than affordable, high-performance parts for Air
Force and other military vehicles. The technology also can contribute signif-
icantlv to the nation's international competitiveness in commercial aerospace
vehicles.
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INTRODUCTION

Net shape technology fabrication of parts directly to final dimensions
promises significant economies in the manufacture of high-performance aerospace
structures. With this in mind, the Air Force Systems Command asked the Air
--orcc Studies Board of the National Research Council to undertake the study
reported here. Thc immediate purpose was to assess the ma nufactu ring tcch-

" n log ot' net and near net shape parts. More broadly, the study was designed
to help the Air Force answer two questions:

0 Is net shape technology advancing fast enough to meet the demands of
emerging weapons systems?

0 \What investment strategy should the Air Force pursue to maximize
procurement o1" weapons systems at reasonable cost without loss in
qualit\?

To conduct the stud\, the Air Force Studies Board appointed a Committee on Net

Shape Technology in Aerospace Structures. The committee sought the broad range
of information it needed primarily by means of three workshops.*

This \olume is the first of four that make up the report. It combines a
s\ nthcsis of the briefings and discussions at the workshops with our assessment
of the state of net shape technology for aerospace applications. The briefers'
lformal presentations appear in Volume I (precision forgings), Volume III (c-,"r-
ging technologies), and Volume IV (composites).

Sections 1-3 of this volume include sets of technical and institutional
needs that we belic\e must be met to realize the full potential of net shape
techn olog. They also include road maps of the research and development
required in specific areas of the technology. Appendices A, B, and C list the
participants in the workshops. Appendix D is a list of acronyms.

BACKGROUND

The metalvorking industry, has made great strides in the accuracy, coin-
plcxitv, and producibility of shapes with traditional fabrication processes.
Improv ed metallurgical alloys and the ability to machine to very high tol-
eranccs have yielded parts with outstanding properties for use in high per-
formance arosnace vehicles. Recent advances in cutting tool materials (e.g..
coating technology) have permitted higher metal removal rates and decreased
machining cost of this function in manufacturing. New applications of computer
numerical control (CNC) and direct numerical control to machine tools permits
quality to be improved by mechanizing repetitive steps in the machining pro- r
cc Automation in machine tool setup and fabrication centers has increased
product i itv.

)r orkshop schedule: Precision Forgings in Aerospace Structures, Oxnard,
California. Dccember 3-5, 1984; Emerging Net Shape Technologies for Aerospace
Structures, Santa Barbara. California. %1arch 27-29, 1985; Future Composite
Manufacturing Techn-lg, C;a itliersbug MaryIand, Septe mber 9-12, 1985.

1.3
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Implementation of various technologies dccloped under the Air Force Inte-
grated Computer Aided Manufacturing program can reduce costs and impro\c pin
ductivity in the transition from design to production. Sccral concepts in the

design of parts and selection of materials have yielded production niethods th,at
may have major impact on manufacturing. Besides the choice of materials (alurn-
inum, titanium, composites, etc.) and processes (casting, forging, machining. .,
and powder metallurgy techniques), designs can now be realized with the use of'
CAM methods.

It has been suggested that the development of processes for fabricating
parts directly to net shape could produce important, cost reducing substitutes
for conventional fabrication practices. Improvements in the production olI'
hardware for weapons systems generally have lagged behind the introduction of"
new technology in the hardware itself. Today's economic environment. howk~er,
demands more efficient use of our production dollars. Thus development of more
economical manufacturing technology for aerospace hardware is mandatory.
Whether considering a new material, a new design, or a ncw production method.
one of the most cost-effective processes that can be evaluated for making high
performance components is precision, net shape technology.

In accord with our assigned task, we focused on the plans and requirements .. "
of the Air Force. We emphasize, however, that progress in net shape technolog\ r
can also contribute significantly to the nation's international competitiveness
in commercial aerospace vehicles.

14
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SECTION 1:IPRECISION FORGING

-die precision forgi is for maki near net

shpe %ovetioa orIng produces parts \60h excess material In the form of
_ahiig cn\ elopcs a nd aIIow a n c c, fo r " dra f t" or ta perIs on sonic of' thei r "

SUr fa,:s. Tapers permit the part to be removed from the die. Although the
pa rt iu t then be machined to its Iinal dimensions, which wastes material Iand
Ca redguce strength. conventional forgi r. of'tc n is the most economical ch oC.
Still. precision f'orging of'fers distinct benefits In aerospace applicat,1( :1 s.

Precision forging yields unIfor strong parts with little or no excess

material. The process thus avoids machining, which can reduce the strength of
a part b\ cutting across the grain structure of the material and unbalancing
intcrn at stresses. The retained. as-fo-ed strength of the part increases the
,.ertaint,, of its integrity in service. Precision forging dies cost more than
c.'on'entinal forging dies, but in many cases the difference can be offset by as
few% as a dozen parts. The reason, again, is that precision parts can be mated

it h other parts without machining. Given the costs of setup and machining,
., pa)rticula lv in a three or fi\e axis mill, the sa\ ings in net cost per part

beco ies \crv important.

Precision forging reduces costs by reducing the raw materials and machining
requiIired to attain net shape. The inmprovenients this process otfers in the prop-

crt e, o" parts are not vet a major consideration in its selection over compet-
ing pocesses. Precision forging is used main I ith aluminum allo.s, but also

' , i1th titanium allo \s, nickel base superallo., s. and steel. This discussion
t, ,ic,- mainly on aluminum and titanium, but the issues and prolllems raised
a ppl cntraly, to other metals, including the n e Nv alloys now corning on the
S'c nhc.

Beca use cost red uction is the primar i motivat ion for using precision forg-
ing. the process of ten must compete xvith other processes. Depending on the
nieta I ino ol \cd, and the size and shape of the part, these processes may include
mac hi n in g from stock, conventional forging, in vestment castig, and powder
metallurgy techniques. Further. complete precision in forging is not always
the best approach - with complex parts, for example, cost sometimes might bet-
tcr bc minimized 1% combining near net shape forging with machining or chemical' " m 1 in g. "'",

T he costs ,f machining and raw materials are not the only factors involved
in comparisons of process economics. The installed cost of a precision forging
rcflec,ts, forging setup time (to prepare forging equipment for production runs),

hate cer machining is needed, machining setup times, finishing of parts, and
the costs of engineering and tooling amortized over the number of parts to be
made. Iimpeting processes have their o\vn characteristic processing costs aid ,__I__
at ten nt installed costs. Th e man v a r ia bles involved for bid flat statem ents
on rclatie COsts. I As a benchmark, ho wever, it ca n be said that precision 
f rin.g I' att1in 1 inum alloys nlav offer a cost reduction of up to 90i compared to
1" rt>, machined from stock IhogoIts) when large nurnbers of parts (more than 200)
:ire in\s xl c,.-
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Iltic Sax\ IV 1chie ed M prccis'On Ior gin S fal unction of f'Atr thPat1
IinluldeC t he ma111trial1. VCeometix cOmplec~it\ o f con tourecd suLirft a ce . ain d Initial-
t-i1 1 l vcieht ratit. C( - I sax i tsic 'I axrge much erea 1'F:'IteCr t han 50'', f,
e:\trai complex part I Is x\ Ih co1 n to)u red s i 'icc s t ha t othervise iu ou Id c imac hine) d
from t hic plate br orblt. igiiats nsalo cn hec realuii'

h henl a d es Ign1 t ha t wulId norm- IalyI be composed o f man \ smll decta-ilI parIt s
maid cI n sta I f: J1r om o ne p re cisi o n 'or-g In g. The cst I im tcd savNIn)g s -Ic h i c \ e d M

aingprec, is In -or n os i nstead o f h ogous orteeprt onafur a
c:rafIt system is show\n in Table 1-c I - 1the) pa r ts are a f ramei su portI, a n aIttIac:h
fI ttin g, aIn d a bulkhead fitting.

The cost ax o ida tcec estimates fto r using precisio fongins, listed I n 1a lie1
100r asdo uidn O aircralft, a, verN large quanitity. 1Ih a Ssmllp t '1ons 1

unde rl sing Ta bl I - I c an b-e used to show, that the n umbher of forg ings In aI lot
-1 c: Ia ffts the re c a t I \ c co st oC the twI\vo fabrica tion r -o cecssecs. If' forg 1n1 s fr1

*\ si rf ~cr a I rcra ft are orde red ( I12 forg ings of a kind I.machining from iI
prod uIct Is temrcost-effective approach.

RecduiIc t Ic)n o f m Iach- i n in g conserv es ra w ma -Itecr ialIs, but the Co s.t savI\in gs a re
uslly'I1 not c o nomIi cally s ignI iica nt w It h relIIIvel INIn e xpe n siv me IItalIs like
alIu m In umI alIloys. The sax ings b:ecomecs more important with more expensiveC mater-
ialIs suc\:h aIs I tan iumIl, alIuin numliIt hium m l.)e talI mat ri1x Comllpos ites. a n d poxs der
metal I I orgy materialIs baised onl ra pid sol idi ficatIIon tech nology .

Conser\ at I nn ofC miatcr Ial s i n its own ri gh t is not genicrall a 1 1P r I M3I
conside ra tilon) In dcis ions o n ,' hecther to use precision foro gInos B~ut coo n-
)e r va I Ion Is a;- g rown natio 1310nalI concern. I n t h Is veI n, MAcIonnl ti ) Duetil-
est Imate thatI L use of prcs io(,n f'mgings on aI ty pical fighter a I -rraft theC
F- 151 can s ave some 31.000 pn nds of al10m in 1u ialo lnd the a ssoc ia ted crei-'

contntt. The sa, ings on U.00 aircraft- 3 million poud sul eeoo
material to build the ailumninum components on 38 F-15s.

IORiINi ECIIN0I.OGY

Thc tc h n clog\ of almnu p ision o orgi ng i s el e'tc tiv cbu t h Ig hlI
eminrIrical 1 based mo,)re o n p r a ct cal cx pe i cn ce t ha n o-n s ccnt If Ic k nox\vIcdge, .

c n benf It s aIre be I n P cxtendedl to molIr e aIn d more aIII ic ra ftC pa-, r t s .as I nd Ica tcd
t,\ the stIea-Idy i n\ca s cIn thec plain iiew are- a ( P VA ) o f par-t s t h at ca n bec
torgedI Forging PV As of uip to 200 sq. I n. i s a. prov en technology, and larger
P VAs a re clos to tIhatI statIu s. PaIrtIs vith P VAs u p to 400 sq. i n. have ceon
pro(duIcd o-)n 1 00 0-tIon p rcs scs. aIn d P VAs u p t o 600 sq. i n. o n 3,5.000- a nd

I n00-tm recsse I -\thou ph for g i n g pa rts \syit h the) se laIr ge PVAs i s knI)o\vnII toi
-c Fe Cea i Ic, th I) in) ta,1t I on ai re less clca r. The metn Iall Iu r gIial eqtiN alencv oft

pc,:Iiin alIuin numi fo)r, Iigs wAIt h convenI)tional-I for gings. pla1tec, a nd hoget h'
to) oe dectermined.

fita inI ium prcIsi fo ir g Ing ha-Is gre- at pot cn t*il fo r redutcing osts It
need frtIh er dcx clopmicnt. 1 hoxe er. a In d, like aluiu p1 IlLI1)1)rCisio fo1'1r g ing. is
hgbl empiric aL Thc liitti Io n s o f the p)r oces s i n cluitde the h Ig-h cost (

h k-h fins -j hic ut .rk at the c1 high forgin11g tem llpe ratIres (ull S-1 1 abix 1\c 00" 1
c (re t- de for I 11 titn. T p rocecss als ko Is suec-l iited. -\lthousch [)a)1 1
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%,. exceeding 500 sq. in. in PVA have been made. a maximum of 150 sq. in. is the
current industry practice. Development has been limited by run sizc - the
number of parts to be made for the particular aircraft (or other program)
which often is not enough to amortize the cost of the dies. For this reas,
only about four shops supply titanium precision forgings, and users, therefore.
are reluctant to design for the process.

THE FORGING INDUSTRY

The I'.S. forging industry is one of the most critical clements of the 
nation's aerospace industrial base. Historically it has been a principal
contributor to long lead times during periods of heavy aerospace demand. Thc
industry is highly capital intensive and is characterized by relatively small
companies and aging equipment, increasingly prone to breakdowns. The presses.
and auxiliary equipment would be especially vital during periods of surge or 
mobilization and might not be able to meet the demands placed on them durin,
such periods. Further, only about 20 of the approximately 200 forging shops of
various capabilities in this country make precision-forged parts for the
multibillion dollar aerospace industry.

can The industry's doubtful ability to cope with a surge in aerospace demand
can be seen in terms of its limited capability in CAD,'CAM and NC machining, the
emerging technologies for producing dies and forgings. One commercial aircraft
program, released for production with 1,200 precision forging configurations.
would tie up the industry's entire capacity in these technologies.

Forging Bottlenecks

Studies of the precision forging industry have revealed several bottlenecks
that impede productivity and could seriously impair a surgc'mobilization
effort. These bottlenecks include inordinate use of critical equipment for die
tryout and proofing rather than production of hardware, outdated methods of die
design and fabrication, mismatches between heat treating and hammer/press capa-
city, and lack of adequate techniques for materials handling and production
control. All of these factors lengthen forging lead times during periods of
high demand. Typical variations in lead time as related to aircraft deliveries
are shown in Figure I-I.

The extensive analysis of the Air Force's primary industrial base. 
Blueprint for Tomorrow, conducted by the Aeronautical Systems Division. found
that forgings are a driver of costs and lead times that affects virtually all
aerospace products. One of the recommendations that resulted from Blueprint 
,as that a comprehensive productivity improvement and manufacturing technolog"
implementation program be developed specifically for forgings.

THE CASE FOR PRECISION FORGING

A sound investment strategy in precision forging by the Air Force must rest
not only on the costs of individual parts, but also on the cost of the finished
aircraft. On this basis, the value of precision forging has yet to be doco-
mented. Department of Defense data show that the time required to build a
rmillitarv aircraft has remained at about 14 months for the past 30 \ca "
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man-hours expended per pound of aircralt structure, moreo\ cr, show no statis-
ticallv significant change during that period. It can be argued, on the other
ha nd. that ma nufacturing technologies must have improved iif lead times and
man-hours remained about the same for three decades while aircraft grew stead-
il\ more complex.

A principal problem in documenting savings on finished aircraft is the
. relatively small role of precision forgings. The major targets for savings in

weapons systems are avionics reliability and support costs. On a more limited
, basis, the savings from using several thousand precision forgings on a large

aircraft may not be as important as reducing the costs of holes, fasteners, and
,tructural arrangcment.

Authorities generally agree that precision forging conserves materials and
cnimprove the throughput and physical properties of' parts. The process poten- 2

tiall\ could improve surge capacity as well, but forge shops generally cannot
afford to have capital tied up in idle capacity.

FORGING PROCEDURES AND MATERIALS

Preparation for a forging or forming process has four basic steps:

* Conversion of the finished part geometry to one or more forging
geometries that can be produced by the precision process available.

" Analysis to determine the raw material input weight, geometry, and
deformation conditions required to match the forging operation with
the available equipment.

# Design of dies for the forging/forming steps needed to transform
the initial stock into the final forged part. (Precision forging
almost always requires three steps: blocking, preforming, and
finish forging.)

- Selection of die material and manufacture of the dies, generally by
conventional diesinking methods such as copy milling from a solid
model or NC machining. Some die cavities are produced by clectro-

discharge machining.

Traditionally, these procedures have been handled using empirical guide-
lines, experience, and intuition. This approach is still common today, espc- .

" ciallv in smaller shops. It can lead to extensive effort in setup, die tryout,
and modification, which may require more time than the ensuing production run.
The emerging use of computer methods (covered later in this section) promises
to upgrade the entire operation, although various barriers impede rapid adop-
tion of such methods. Several additional problems and issues, technical and
nontechnical, are involved in forging processes and materials.

Titanium Alloys

Titanium is precision forged in heated dies, which may be about 200 0 F
cooler than the workpiece (hot-die process) or at the same temperature (iso-
thermal process). Up to about 17000 F the metal can be forged in nickel base
alloy dies. FHigher die temperatures require the use of more expensive die
materials such as TZM molybdenum, and operation under vacuum or an inert gas to
protect the dies. %
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Gicn these circurmstances, grcater use of beta-titanium may offer a sig-
nificant opportunity. Titanium occurs in two crystalline forms, alpha and
beta, and titan:urn aerospace alloys may be all alpha, all beta, or mixed
alpha-beta (with some subcategories). The alpha-bcta alloys are the most
widely used for aerospace forgings; beta alloys see relativcly little use.
Beta-titanium, however, can be forged in the range of 1300-1500' F as opposed
to the 1750 0 F usually required for other titanium alloys. At the lower
forging temperatures, less costly die materials can be used, forging lubricants
perform better, and die heating poses fewer problems. An example of a beta-
titanium forging material is the near-beta alloy Ti-IOV-2Fe-3AI.

The grain size in a metal affects its properties, and some engineers are
concerned about the large grain size of beta-titanium. The material has better
fracture toughness than the more commonly used alpha-beta titanium, and has
equivalent mechanical properties under static stress. Beta-titanium, however,
may have lower strength under dynamic stress (i.e., lower fatigue endurance),
and some designs may have to accommodate this difference.

The industry also sees a need for production of clean, low-cost titanium
alloy powder that would provide highly reliable preforms for net shape forging.
It is further desirable to incorporate in alloy development practices that
relate compositions with processing conditions that provide materials with
acceptable properties and characteristics. To date, alloys have not been
developed this way.

Aluminum-Lithium %
.1

The forgeability of the advanced, light-weight, aluminum-lithium alloys is
proving to be excellent, and demand for these new, high-strength materials is
growing. Users report difficulty, however, in obtaining small orders on sched-
ule and in various lot sizes of plate and billet. The apparent consensus is
that multiple amounts of preformed billets of various sizes should be stock-
piled at a common distribution center to offer timely and less costly pro-
curement by small shops. This action would lead to reduced lead times and
inventory costs throughout the industry.

Precision forging with aluminum-lithium alloys should be promoted. The
marriage is a natural one, given the relatively high cost of the alloys and the
metal conserving capabilities of precision forging.

Quality of Aluminum Forgings

Precision forging of aluminum can yield parts with better properties than
are obtainable by some other forming processes because of its effects on grain
flow lines and minimization of machining. MIL-Handbook-5, however, does not
assign better properties to aluminum precision forgings. It has been contended
that if the process does indeed impart superior properties to aluminum parts,
the point should be substantiated and the data incorporated in MIL-Handbook-5.
It has also been noted that to obtain the full benefit from precision forging,
the forge plant engineer must design for optimum grain flow starting with the
first, or blocker, die. One observer has said that the properties obtainable
in precision forgings are no better than those of wrought stock, though his com-
pany prefers precision forgings anyway because of the cost !avings.
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Die Natcrials

Tooling the design and manufacture of dies is a major contributor to

the cost of precision forging. In addition to the technological lag in t linp
practices, improved or less costly dic materials arc a pcrx asiI e need. c pe-
ciallv for use at high temperature and pressure.

Pratt & Whitney, for example, sees need for stronger, more creep-resistant
dies t ha t will stand the pressure needed t o get closer t o n -t s hape i n I s-

, thermal forging of jet engine parts of titanium and nickel base superallovs
using the company's Gatorizing process. The TZM molybdenun now used is accept-
able, but expensive- the cost of making precision dies from this material (tool-
ing cost) can exceed $200,000.

Wyman-Gordon reports a need for nickel base dies that can bc repaired b
welding. Suppliers of die materials, however, are not especially interested in
the problem because the market is relatively small.

Small aluminum forgers would like to see the yield strength of die steces
increased 30,000 psi at 7500 F without an increase in cost.

Die Engineering

Development of better die materials, although highly desirable, is costl\
and time-consuming. More irmined iate benefit, would be obtained by better die
engineering that is, making sonic design calculations. With few exceptions,
this approach is not practiced today at large forging companies.

Lubricants

Several lubricants have been developed for use in forging titanium, but
lubrication systems for service at high temperature are reported to be nade-
quate for both part-die lubrication and die-die lubrication in segmented dies.
Glass base lubricants used for titanium precision forging- can limit run sizes
by building up in the dies and requiring interruptions in the run to rcmove the

-- lubricant. Some otherwise good lubricants attack nickel base (lies at surface
temperatures of 1600-1700 0 F. Among the needs are improvcd standards and qual-
itv control for lubricants used by the precision forging industry.

Die Heating

Hot dies are critical to ach ic veeni n t of t he des i red final geometlr\. ftl
lines, and mechanical properties of the part being forged. I:ortin dies arc
heated to and maintained at operating temperature b\ induct ion, rc,,istancc, or
gas-fired infrared heating. Induction heating is most Colmon for t it:1 i tIl
forgings and gas-fired infrared for aluminum forgings. The mcth,)d of hcating
in the die stack and the assembly of the die stack itself' nust pro\ ide Uniform
temperature from the surface of the die to the base plate o the pres t ,
produce dimensionally accurate forgings and to reduce the potent I'a fr die
failure. Factors that affect die heating include die-stack materials, k hich
are selected to withstand forging pressure at hi h temperat tire id to ac,.i-
modate large temperature gradients from die to base plate B catis die-stac k
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design a'aries with the heating method used, and dic hcating dircctly affects
press se t u 1)press setup time, impro\ecn L of die-heating s\stems o1'fcr: significant 
opportunities to reduce costs.

%

COMPUTER BASED METHODS IN PRECISION FORGING

Computer based methods promise significant gains In cfficienc. and product

quality in precision forging. Current efforts are focused mainly on CA[) CAM.
but work is also under wa\ on the broader concept of CAE.

CAD CAM has two basic uses in forging technology. One is the preparation
of dra\ings of parts and dies and generation of NC tapes for controlling the
.manuf acture of dies by the methods mentioned earlier. The second use of
CAD CAM is analysis of the forging process - predicting stresses, metal flow in
dies, temperatures, loads, and energy parameters.

The use of CAE'CAD CAM for drafting and NC machining is growing in the
forging industry, but is not widespread, in part because of the costs of intro-
ducing the new technology and a shortage of qualified manpower. The use of
these methods in analysis of forging operations is less well developed and is

>1 employed by relatively few forgers in thi7 country and abroad.

The Air Force Program

CAD CAM holds signIfIcant interest for the Air Force, which In 1978
launched a basic research program designed to support the development of an
advanced computer aided engineering system for metalworking processes. This
cff'ort led to the Air Force Materials Science Program in Forging, based at
AFSC's Wright Aeronautical Laboratories. Dayton, Ohio. The program has three
parts: the Processing Science Program, the In-House Program in Powder Metal-
lurgy Process Modeling, and the Manufacturing Science Program in Die Design and
Manufacturing for the Forging Process.

A major effort in this work is the development of a computer program callh-d
ALPID (Analysis of Large Plastic Incremental Deformation) based on the finite
element method. ALPID is a generic program because it can be used to analyze
any of the common metal forming processes and can be applied to ceramics an..
polymers. The program is designed on a modular basis because the Air Iorce
ant icipa tes that it will serve u I ti ma tel v as the heart of a CA F stc t', 
metalworking. In net shape processing such a system w ould connect all funm-
tions, from planning through engineering, processing, and factory scheduling
and control the system's capabilities would include feedforward and fccdback
,f data amnng all functions.

Al PID has three anal\tical modules: AL.Pll). for the isothermal cnditi,,n
AI PID(C. for compressible poo, dcr mctallurg. materials: and AIIPIDI. for o\ cn-

tinal hot wkorking conditions. *\s an c\ample of the modular approach. Iofeinti
-, can be desi gned bo coinhinig A 111) uisthermali with a heat tran"Ici

n,,,lule to simulate hot die (nniso:hcrnial) Iorging.

Ihe goal of the Manufacturing %ciencc Priograi is to dc clop a CA CAI) C.\\1
pr-,cdure f or the dcsi.n and mainu fa ture ft forging dies prccis in. Vothc -reaI. h,,t die, and con' en t,~n~l-n I hic pirccdurc is based on com1puter itd imli-

I
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N, latiun and is dc,,igncd to minimiC the need I'oI cxpcricnccd to ol designers and
tool and diC mlakC I. The prillcoc tor fr Ihe program is Shultz Steel: thc
tirt tier subeontractor i, Batttlic (G l ) u ; I :i ,,ratorics 1 hc work is sched-
uled l'r completion durine \i car 1988,

The program % ill d isseminate the ('ALF C\ I)('ANI tcchnologv to interested U.S.
aerospace co:mpanics and help interested I .S. forging companies to implent thc
technolon,,. Once implemented, the tcchnologv is c\pcctcd to:

* Reduce lead timc and the costs of designing and making dies.
' Reduce setup time.
11111 Improve prod, ucti it\ and surge capabilit .
" lImpro\c response to small lot orders.
. Increase the consistcncv and qualit\ of forgings.
" Reduce dependence on skilled tool and dic makers. .
- Make net and near net 0iape forging more cost-ef 'ect i e.

Barriers to Computer Niethods

Sexcral CAD CANI s\stcms are a\ailable commerciallv, and there is no doubt
that computer methods can do a great deal for precision forging. McDonnell
Douglas has decelopcd its o\' n computer based forging design s.stem, the company
estimates that a o or ging can be designed with this system in one-tenth the time
normally required b\ manual methods. Necrthclcss. CAD, CANI faces barriers in
the precision forging industry.

One barrier is cost. CAD CAM systcms are expensive, and it is difficult to
justify them in terms of con\cntional return on investment methods. One small
forger that is using CAD CAM" for diesink ing reports that it is not cost-
effective, but expects matters to improve as its programmers gain experience.
In an\ event, the compan\ beliexes it has no alternative to CAD 'CAM in view of

- . the shortage of Iourne\man diesinkers.

The inability of forgers to acquire and use CAD/CAM can reduce the utility
of the equipment to cuqtomers who have it. This is so because exchange of
forging gcometr? in digital form, bypassing drawings, is an important benefit
of computer methods. An airframe maker says it can educe lead time bv a month
i f the forger has compatible computer equipment and programs.

A second barrier to growvth in CAD, CAM applications is the shortage of
-.. "7..cn c in lers qualified to appl? the method to design and related operations. This
pr uchim vxuld bec ased by inc irporating into CAD/CAM systems sophisticated
"o . ),lmputer programs li expert s\ stems) that supplement the engineer's knowledge of

,-,,t h the cmputer ssstcm and forging design. Such programs will be desirable
in the ing run for ru(tine use. but they remain to be dc cloped.

Perhaps the mi tr 1,ne term barrier to appil, ing CAD CAM in precision forg-
i rev is the abence ,o a ,,I mprchcnoic data bac f,,r use in design and process

hemulatn he n ce ,:r. ,ata x31 , u , include. I or ac mple. the thcrlal and
tph,,'.ci pr prt Ie . , :ill m tater:iL ued in 1,,i n . and data on friction for
I I" c I I n t.nmbinin,  , ,r c. dic, :in lubricant na terialIs. Stch data
e i sIt I n !he I i stiri.. bt it lre dvper ,c and h:xc not been collected s\stel-

r..lls. th us thcs arc nt r l'i I cc i. I\lc t,, cI-ti t

., . .
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Nontcchnical problems also confront users ,nd suppliers Of precision 'org-
ings in the aerospace industry. They fall under thc general head ings of Icad
timC and manpoo~cr.

Lcad Ti mC

I he lead times required to obtain precision forged parts using new dics in
the ac rospace industry today are running 40-50 weeks for larger presses (up to
35()0 tns and 20-25 %c elsc for smaller presses (1500 tons and below). Repea
,dcrs run 15-25 wkecks. TIc forging industry has been expanding significantly,
1, ut lead times s ill likcl\ lengthen if aeruspace demand grows as expected inthe immediate future.

\ maior problem, particularl\ for small forgers, is the cyclical natt're of
the aerospace industr\. One small company, for example, has lead times of
alh-u 40 sccks. The company is expanding moderately, but if it were to expand
cn, ugh to cut lead times to 20 wccks, it would risk i nsul\cnc\ due to the heav y
expense incurred b\ idle capacity during the inc itablc slow periods. r -,

Small forgers that want to expand capacit, ma\ seek to buy used equipment
.ild ref ur ish it, but rcport difficulty in identifying government owned surplus
prc, s * .'asc in point is cited b\ Aluminum Precision Products, which has 10
pre',s. !but has not bought a new one since its inception in 1965. The company
,n,:c bought a press from a sals age dealer that it could have bought earlier at
I,.-cr cv,",t f'rom the go crn ment had it ktno n the press was axaiIable as surplus.

-.1,1n ith I ead limes

lg lead times make it di fficuIt to get pa rts on earl\ production air-
cr a It exploit the benefits of precision forgi ngs, there is no substitute

(*r ,a th in g carl a i rcra ft. If hogou ts are used and are pro\ iding satis-
c:,:t rs pa rts for prod UCt ion a ircra 't, su bseq tie n t efforts to switch to pre-
,, n , rgi ngs sinmet imcs meet resistance because the, mas- require costly

rc, uji l I f icn if" the change is made thc resulting delay reduces the savings
Si.aitlc l 'r, rm prccision orpings by reducing the amortization base for the

If dics an d the asI ,a ted ope rat ions. Gru m man. Vough t. and General
%),n timi cs report that some form of adsance funding, such as multiyear procure-

ment. c:n e quite helpful to ucr and supplier in coping with long lead times.
\ ou ht, fnr example, sas it designs for precision forgi ngs and puts their full

CI t In the budget for the production design on \ li ic h it bids the contract. It
then pobssible to autho rizc the purchase of( die-block materials and the

rc iIe,i a ,d o rk rclati\I% c arls in the program. \ Ith this procedure., Vought
h i tori,.all has been al, c to c:itch c rls pr1 duction i aircraft with precision

Ma np( \k c r

Both u sers and supplicI are skorr icd b\ the hrtagc of design engineers.
diesinkers. and NC tchnic.ians,  \Ians ncs' cninccrs ncscr haxc designed a
forging b% con cntional mth I l ,r 1s (,l) (.\\1 I urthcr, it is difficult to

%S . . . . . . . . . . . . . .0..
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c pI ifl mod.cr n prccsi1n tr Ing tchnog t o u ninitiatcd design engincerS.
The need i s not to( turn all designers into forging specialists, but to famil-

iarize them \x ith the sta tc f" the art so that a \ c r Ccw forI-ging specialists
can SUpport man\ no nspecialist designers. s noted earlier, CAI) CAM itt h
c\pert s \stcms pfroe2ramsi, can help, but not imned:atcl.

It should be pointCd out that at least one forger, ladish Comrpanvy. sa\s the
shortage of engineers is n0t a maior barr icr. The coi pan v fin1ds that propc rI
trained technicians can be used for (',\) CAMI.

The lack of trained people in die design and manufacturing wAould appear to
reqi re greater tise of ie design manUa Is and other aids. 1)i esi n kers espc-
ciall\ are in short suppl, t)nring 1978-83, almost 800 journeyman dicsinkcrs

nationwide, ret i red r ot hert \ ise left the field. The Los Angeles area cur-
rcntl\ has onl\ ,' app entice diesinkers.

NC machining can ease the d iesink ing problem. but technicians in this fIcid
,arc also in short supply. Only three die shops in the Los Angeles area car.
handle NC tapes. Besides the shortage of NC programmers, the performance of
programmers doing the same ob varies widely, which suggests that the industr\
should recognize minimum qualifications to promote more uniform performancc.

Forging technology. especially die tchlnology, is understood by relatis el\

few experienced people. Ffforts should be made to translate their know-how
into expert systems software.

,.,.9

*-, Sec eral efforts are aimed at easing manpower shortages in die design and
-I manufacture. The Forging Industr\v Association (FIA), for example, has a
five-day training program for die designers that includes an introduction to
computers. The program mainly involves steel forgings and does not focus ol
precision forgings because the field of application is too small. It is
concci\ablc, howevcr, that FIA would cooperate in a modest training effort.

* In a second program, the die makers' association in Dayton. Ohio. is pro-
"iding 25 scholarships annually in NC machining or programming. Also. represen-
tatives of the aerospace industry in the Los Angeles area have explored \ways to

,, encourage community colleges to promote training of NC programming technicians.

e COMMENTS ON LARGE PRESS STUDY

,The committee discussed at length t he La rgc (200.000-ton) Press Stud.
(luring the Aorkshop on precision forging and later in comnlittec. We concluded
that the large press ca pa hi lit y is not pa rticula rI v relcs ant to net shape
forgings, so the topic does not appear in onr reconmendations or road ma psi "

c\.hNe vc rt he less, wc of fcr the following coin men ts.

f he kc\notc speaker for the o r kshop, Sol 1,os c, noted that a sound ca,,c for
I funding a 200.000-tn press ha', not vet been made. A compelling argument mu11lst
in \ olve not just the press, hut also the intcgration and automation of the
,i ,. ancillar equipment. One qucstion that must be answered is h(-w\N to a-,urc that
the dies can be used, if neccssary ,n another prcss witho0ut rc"'orkJ the
ex itcnce of t\&.o 200,000-tnn prcse,,s would Case the die-transfer problem.

",-. I .7,:/7 .1



It was pointed out that, t\ pically. the larger the forging, the fewer arc
made, and the higher the cost per pound. Further, the larger the forging, the
more difficult it becomes to justify economically the manufacture of near net
shape forging designs. In conventional forging, orders for smaller lot sizes
lead to practices based (n l'ewer (ie opcrations and, therefore, less contour
refinement and more blocker conventional forging designs. As PVA increases,
higher stresses are developed in the dies, shortening useful life and dimen-
sional conformance.

The largest presses in the United States arc two 50,000-ton units, both
installed in 1955, and the \iewy was expressed that a jump to 200,000 tons might
be ill-iudged One proposed alternative is to build four 50,000-ton presses
incorporating the best technology available. Requirements exist for 50.000-ton -"

presses, but such equipment would not meet the needs expressed by proponents of
a 200,000-ton press.

Some Air Force. Na' y, and commercial aircraft still use very large blocker
forgings made on one of the 50,000-ton presses. The Air Force stud' 15 'ears
ago ) as initiated because of the 15 blocker forgings of aluminum, weighing -
almost 350,000 pounds total, that comprised the five main frames of the
original C5A. Approximately 90% of the metal was removed by machining to
finish these forgings. This procedure is still used on the C5B now in
production. Similarly, titanium blockers for the carr ythrough structure of the
747 ha'e more than 80% of the metal removed in finishing.

,., RECOMMENDATIONS

The problems and issues in precision forging identified by the committee
are stated here in the form of needs. We recommend that they be met to insure
the de\ elopment and maintenance of a healthy, technologically advanced pre-."
cision forging indust r v.

1. Rapid further development and field application of the Air Force's ALPID
program for CAD/CAM in metalworking and completion on schedule of the
Manufacturing Science Program in Die Design & Manufacturing.*

Incentives for encouraging modernization of firms producing precision
forgings by:**

0 \doption of CAD CAM.
0 Improved use of' equipment. ,*
* Addition of capital equipment, including inspection equipment.
* Financial partnership of prime contractors and subcontractors to

increase investment and profitability.

-I he %ir Force is sponsoring a series f Manufacturing 'Icchnology Programs

rcsponsi e to this need. but funding was uncertain as of' June 1985.

•* In response to this ne'd. the Air Force Systems Command, on September 13,

1985. aw arded Phase I Technology Moderni7ation contracts to five organi-
zations: Aluminum Forge Co., Arcturus M fg. Co., Chen-Tech Industries,
Ladish-Pacific, and Ontario Forge. Durz-tion of the Phase I contract is
nine months.

2 7
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. Pro% ision of R& I funds directl to small Iorgers to permit them tc I
impIr, C the us C of exist ng equipment and iMpro',C the qualit, fi
their products.

, An organ icd cfort b- the -ac rospacC industry and t hc Air I orce. In
coopera ti on \ It h t h c Forging Industry Association, to develop trainin .l
programs for precision forging die design and man Iifact u re. including N (
programining and machining. Such programs would include simple methods and
computer assIstcd techniques.

4. Encouragement and funding of basic and applied rcsearch in net shape
forging, including: preiction of metal flow distribution of stress.
strain. and tempcrature in the workpiecc; and load and energy requirements

""' during automation.

F \ panded acti\ itics on the finite element and other methods to de\ elop
codes adaptable to analysis of precision forging, die design, lubricant 
selection, etc., and to remove existing barriers to use of CAD CAM.

' 6. Encouragemcnt and funding of additional research on methods foI improving
the properties of existing die materials and developing ncw die materials.

7. impro\ed and less costly die materials for forging titanium at higher than
.1750

0 F.

8. Research and dcclopment on die heating systems employing combinations of

induction, resistance, and gas-fired infrared heating.

9. Investigation aimed at wider use of beta titanium in view of its properties
and its forgeabilitv at relatively low temperature.

10. Nickel base dies of higher, more consistent quality that can be repaired by
welding. .

11. Systematic development of a comprehensive data base on the properties and
behavior of materials relevant to precision forging for use in the design
of parts and dies by CAD/CAM.

12. Die steels for forging aluminum that are about 30,000 psi higher in yield
strength at 750 OF than current materials, but at similar cost.

S13. Better standards and quality control for precision forging lubricants and
improved lubricants for use at high temperature.

14. A project designed to couple ALPID with a finite element method for
measuring stresses in forging dies.

15. Multiyear procurement of aerospace components to ease the effects of long
lead times for precision forgings.

:-1 16. Prod iction of clean, low cost titan in in a I Iy powder that wou Id pro\ ide
highly reliable preforms for net shape forging.

, 4_. 17 Munch clo er integ ration of the development of forging alloy\s with the needs
" " of subsequcnt processing steps.
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18. Quick die changing de\ ices to reduce setup tiinC¢; and costs.

I 1Q, A program of' refinement of process controls designed to increase the P VA
capability of precision forging.

20. A sstematic effort to expand the application of precision forging to the
aluminum-lithium alloys in xiew of the mctal-conserving potential of the

process and the substantial cost of the alloys.

21. -\ stockpile oft preformed al u in n um-l it hi u Inl billets at a central point to
permit small forge shops to obtain small orders in oddlot sizes on schcd-

LI I C.

*-2. Incentives for modernization and expansion by makers of precision forging
dies, including the adoption of CAD methods and NC machining.

23. . , elI organi-zcd effort to identifv surplus government owned forging equip-

ment for acquisition by interested, eligible forging shops.

R & D ROAD MAPS

c translated the foregoing needs into a road map for R&D in precision
forging (Road Map 1-1) and a set of institutional issues and the actions that
the\ call for (Table 1-2). The road map shows the time likely to be required
to sol\e the technical problems named. Although analogous times cannot be
readil specified for the institutional issues, they must be resolved in
parallel with work on technical problems to create a sound industrial base in
prec is Ion forging.

F:ollowing the road map is a numbered list of workshop speakers and the
titles of their papers (which comprise Volume 11 of' this report). These papers
are cited where appropriate both in Road Map I-1 and Table 1-2.

'IV
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Action Needed Action Item Details References ia)

Expanded Effort Multi-Year Procurement 2, 18

Improve Lead Times 2, 10, 13, 15
16, 17

* Incentives Added CAD/CAM 4

Capitalization of Equipment 1, 7, 8

Provision of R&D (Tech-Mod) 2, 4

Training Tool & Die Makers 12, 13

CAD/CAM Operations 13

Introduction of ALPID 4

Modernization CNC Equipment 2, 13, 18, 20

Computer Controlled
Inspection Equipment 11, 13

Data Base 4

a-The numbers identify speakers who discussed these action items at

Workshop 1. The material they submitted for publication appears in

Volume It of this report.

--
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TABLE 1-2 CLOSED DIE PRECISION FORGINGS.
INSTITUTIONAL ISSUES
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Item Description Action Item Time Phase, Years
' ~~ Technical or--- References

Inttto A c tivitie Details 1-2 25 I 5-10I a

Technical Data Bass Properties & Behavior at Materials 4, 7. 10, 11

Basic/Applied Prediction of Metal Flow 4 , 6, 7. 12, 15
Research

Process Analysis 4, 1 6, 7

NV Lad and Energy Requirements 7. 4

Interface Conditions 7, 4

Die and Process Design 4, 6, 7

Process Modeling 4, 6, 7

Dies Development of Die Systems 5. 6, 8, 9, 12.
13, 21, 22

Improvement of Existing Die Materials 5, 6, 21, 22

Die Heating Systems 16, 21, 22

Improved Die LUbricants 15, 6, 20, 21, 22

Die Change Systems 20, 21, 22

Design 8, 18, 21, 22

Product Improved Fabricability of 1. Alloys 6, 9
Materials

* - -Improved Fabrication at

*Alum. PIM Alloys 19

Improved Fabrication at Al-Li Alloys 13, 11

Improved Fabrication at AISic Alloys 12

Product Increased Plan View Area Capability 9. 11, 13. 14.
Geomety 15, 19, 20. 22

Software Application of ALVID 4,8

Development at Finite Element Codes 7

Development at CAD/CAMICAE Software 4, 7, 8, 10, 12.
13, 17, 18, 19, 20-

Reference numbers identify speakers who discussed thesc action items at %.

Workshop 1. The material they submitted for publication appears in \'olumk& 11.
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WORKSHOP I SPEAKERSa

I. Love, Sol. Keynote Address.

2. Reed, M. J. U. S. Forging Industry: Technology Modernization Program
Plan.

3. Workman, John F. Design/Cost Guide to Part Production Related to Forging.

4. Gegel, Harold L. Net-Shape Technology in Aerospace Structures: Air For'c""
Materials Science Program.

5. Walker, Bryant H. Jet Engine Forging Procedures Applied to Net-Shapt
Forging. ,-

6. Chen, Charlie C. An Overview on Titanium Forging Tcchnology.

7. Shabaik, Aly H. Processing Fundamentals.

8. Altan, Taylan. Fundamentals of CAD CAM Applications to Forging.

9. Melill, Joe. Usasge Needs at Northrop.

10. Richards, W. T. Closed Die Precision Forgings.

11. Henderson, Greg. Status of Precision Forging Use at General Dynamics.

12. Serfozo, Tibor. Status of Precision Forging Use in the Lockheed
Corporation.

13. Hicker, James A. Boeing Corporation's Use and Future Needs for Near-Net
and Net-Shape Forgings.

II. Lynch, Lloyd. Status of Precision Forgings in tle!icopter Applications.

15. Zelus, Bruce. Application of Precision Forgings and Cost Effectiveness on
the B-iB Bomber.

16. Wagner, Larry Status of General Aluminum Forge, Inc.

17. Griffin, Tom E. Status of Aluminum Forge, Inc.

18. Spinelli, Mike. Aluminum Precision Products, Inc.: Its Capabilitie. -

Products, and Motivations.

19. Nelson, Jim. Forging Operations at Vernon Plant - Aluminum Corporation of
America.

20. Webster, B. J. Aluminum and Titanium Precision Forging at %artin-Maricttra
Aluminum Company.

a The material submitted for publication by these speakers appears in Volumec

I1 of this report.
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2.Davkin, Robert. Ladish Experience in Net and Near-Nct Forging Production. C

2.McKcogh. John. Titanium Precision Forging.
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SECTION 2: EMERGIN(i NET St,\PF TECINOI.OGIES

The techniques rcviewcd in this section arc not new, but they are emerging
technologies for the manufacture of high pcrformance aerospace parts. They
include: powder ,ictall urgy, structu ral ccra In ics, hot isostat ic pressing, con-
solidation by atmosphcric pressure, superplast ic formi Ing, diffusion bonding
and coatings.

POWDER METALLURGY.

Metal powders have long been used to make parts when the method offered
economies in manufacture and, in some cases, when the parts could not be made
in other ways. Only in the past few \cars. however, has it become possible to
use rapidly solidified powders (RSP) for producing high performance parts using
powder metallurgy (PNI) techniques. RSPs are highly homogeneous and can be
formed into shapes that are metallurgically much cleaner and also more workable
than the products of ingot mctallurgy'. Pratt & Whitney designers assign 208
more strength to powder metal parts of the nickel base superallov IN 100 than
to castings of that material. In addition, some advanced aerospace materials
can be made only by PM technology.

The primary uses of RSPs today are superalloy turbine and compressor disks
for aircraft jet engines. No products made of RS aluminum or titanium alloys
have vet attained full commercial status. Development of these materials is
under way, but the near-term applications appear to be limited to the aerospace
industry. An important goal of superallov, titanium, and aluminum powder tech-
nology is buvfly ratios of 2 or less for parts such as engine disks and rings.
and airfoils, fasteners, and sheet-fabricated parts.

The methods for making RSPs vary somewhat with the base metal in the alloy.
In general, however, the molten alloy is atomized by a high-velocity, sometimes
updraft, stream of gas, typically argon or helium, or by throwing droplets from
a disk rotating at high speed in an inert atmosphere. The RS product is sieved
and blended to obtain batches of powders of the desired size distribution. The
powder is then compacted and formed by suitable combinations of methods, such
as isostatic pressing, extrusion, and forging. Powder metallurgy processing is
capable of developing unique, tailor-made microstructurcs in the end product,
and the densities of finished materials generally are 100 /o of the theoretical
density of the particular alloy.

Superallov Powder Metallurgy

The primary aerospace use for pov. der metallurgy. as noted earlier, is tur-
bine and compressor disks for aircraft Jet engines. At Pratt & \\hitnc. for 

example, these parts are made of the nickel base superallo v IN 100 (for the __

F100 engine). As much as 1800 pounds of superallo\ powNder is scaled in a con - --

tainer under \acuum, dcnsified, anid extruded into billets that serve as stck
for subsequent mctalwkorking opcrations. The uniformity and I rclatI\ el\ fine .

grain size of this material significantl\ enhance its workabilit\ comparcd to
ingot :)ased stock, The homogcneit\ also enhances the scnsi iwn i ofI nIo n-

destructive evaluation methods, such a s ult rasonic inspection, in detecting

otherwise hidden defects in parts made of the material. Pratt & \\hitncv mak1,cs,
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disks t'roi Superall\ 31% 1 I' illCt t o C:r n t 1)pc using it> pripri't :i"

process called (6to i 'ing,

.' The higher thrust-to-l ight r atios pl' , I led r' I the nlext gcll :ation I et
engines ill call iI pat on 1the c p:Ib)ilities 0 l" po,\sdcr metalLrgV. RS tecch-
n olog powNders are bCing used. for exnAmple. ti k CSpcrIo t\rb tra) ine blades
.,nd ,rnes monre durable than those in use t;da\. These airtoils arc expected t,

I, ithstand hi1eher turbi inlet IempIerature- w ithoutt the p",r(tecti\,C coatils n15o,

1 siXI.

fi':ient attenation b ,eing paid to %orkabilit'. The goals of the aIloy declopCr.
are strength and durabilit\ in the engine en\ i ronCnt. Too little Iforethought
is gi\en to limiting p),roce;s p I-,arai etCIrs - such :is allo\ all1 metal rkinn tein- ".
pcraturcs - that affect the Ifabric:ator's abilit t del'orm metals into tnct tit
near net shapes.

.-\ Need for Cleaner P0',,dCr

A general probllcmn %\ ith I PM superallo\s i< contaminanrmts. p1,articulI rls their ..
C",, .effect on the low -c\\ I atige li e (1L("1-) o oC partS. G;eneral Flectric ha duno ec
extensive research one hc proble in the nickCl-base superallov RCnC 95. he
maior contalinants, ccramIlic inclus Ions and \ Oids created b) \ trapp ed argon, are

aq u i red during prod uction of the pLIder. lw General I ect) c researc sh0owCs
that the averagc LCF lil'c of Rene 1)5 can be impro\ ed signil'icanitlv by thcrmn-
mechanical processing, such as extruding and forging, because it reduces the

I uh IS ~I , ( O . C- picav SC Iiciso
size of de fects and disperses them through the allo\. C I T vpICal rectIons o1"
802 in area are generally believed to be necessary to disperse these gra in-
boundary contaminants. Still, the low-cycle F'atigue lifc of PM nickcl-b1ase
superallovs is limited by certain typcs o" cera mic inc Lusions. The come f' omli
-o.-. powder preparation Cquipment.t spccif'icallV the meltintg crucibie. the pouring '
Itundish (basin), and the atomizing nozzle. General Electric believes that 'ur-
ther substantial improvement of LCF life requires cleaner moltcn metal and a,
ceramicless atomization process.

Superallos for PM processing currcntl\ arc \acuum-induction melted and
r-c.'-" rernelted. General Electric expects that imp) rocd mnelt-rel'ining processes nnw
in development, such as clectroslag rcmelt and electron beal cold hearth
remcl,. will significantly reduce the amnount of cern In ics in the molten a0 1 t
used to makc powder. In addition, a ccramicless powder production faci lit i s
at the conceptual design stage (Figure 2-I). The design cnvisions an a uto-

.mated. continuous powdcr making process with real-time monitoring and contr ol.
-- cEssential to real-time process control are the sensors that pro\ ide the nec s-

sar I'eedhack data, suc h as particle size dIistribution and melt chemistr\. 1-tI
o Somerc retu i red sen sors Ia c not Icen de eloped, but GCCral Elctric be Ii C S C,

that thcy are practical galIs. B% analogy. from experience wi th \ r o t
C. steels, it appcars that the added cOst f)1 cleaner RSPs wA ,ould be repaid b\

, inoproscmcnts in the ),rt+ I,-C l tIC' prt 0 l t ducts,

-l)cscloiprents in alminum pi,dcr in ttllliros include allo\s that retain their
s trcngth at up t I. ,\, has in r n-cerium all ',o i I P this k,,ind, and

Z3 (

,,'

",2 ," ." +.. .." +. . " .. . .." .+ " '-. . . . . " . '. ." .. 2 '.; '.e''' ' "'%" ,... '"" ",,.,. .,......,. ..._. ".A...,..... . ... j .,A, _7",.. ,: V., ,,,Z,,,,,



.4..

U.,.

.4. R

'.4'

~4.4.4 Ck -

'~ :~

.4.4.4 U.4* '

0

SW -

(j~

o
z
~-. 2

0
~

I-

* -
-. 4 I

4..' -

~.4

44 '.4

I
cj.~

'V

.4.
.1' ~ S.-

-9.4.
.4' N

"4,
~4~44~

~. .*% *444
-.4 *4,~

.4.
.4

* '.4.

"V. 4.



Pratt \ h tr1c i-. ,kinI ' ,Ith :r1 iroil-ni': bdcnuIi a oI y. Thcsc 1tltc i'l i I
intie dcd 1l pIt t V t, I l Ice tita1ni ll .llbo\s in uses (e.g.. 1ct C inc. , .1..-

the rC(Iired hcat r c.,i tl licN hct I, cc n the c apabiliti c of ,- , nt I , "
hi h-strcngth li it i tub t) UIl 1,1 ti 1 Ill. Il oIllc 'uch a 1) ica in thI o u. i C ..
ma tcri its v. ill ic It pc t e1 i ,n nctItlic com positcs. \i r I or,:c 1) 1O .,I .IJI,

dcsigned to gai n in-<scr Icc c f, cricncc v, th high-l-pc'rtCo ilncc P\1 l I[bui ir+1inu ill ,-.
arc in prOgrcs. Ihe ,tl i' titution of thc c ll s s n r t it I n ftl]i c itl1 ,'

both '%eight an d Ili 1tanL'31ta trin .' c0 t. I hc luliiliiII -irI -ccritii1) ti uI]il IIrItI I')
iron-mob\/hdCnuuiI '.NI -P\1 il ,,' :ibsi haIc \ ut<'t inu Ill < I' i-I iii-. 111 ,  

"

ire rce rrcd to 1 "tainlcl -.," Ab nit ui1ti111- "

For the Ifu tritc. \ lcoa; ,.c'C pronIse in <esC \ c I A Iu t1. i j:I inebt;.
a Iu n i In u r -s I I I o n ::tti )1d c Ill l+)t0-) 1ttc,. Ihtc I) ti Ct I O Ct,1llt !i '%++ I, Lti 11, 11 ll I,- 1 t 1it

a b o\s iI of Ion cr .a n nt i -trc-t :int Alc ,: i "trtnt .itbs t Iv t1c Iln I I t i t..
a rca. 3a lthough \ t.i s in thc citn cntin lls rc.a'It I Celli IT",I,

Amniong harriers t, c I cirIl i LI. I P\1 iliiiu i ll ,  the hoeh Ili ii "V1
inestncnt for s caling ip the critions.

Quality ofl Posclcr"'

-\ basic I I it1 11 l i et I'i ' :i u nin iit 1- i, ith ie . . ci . .1 C- t :

Luality 01 th 1)0 anL d the c C LIC t (I LuIt 1 t te irC 1 t( i 1iin i1:

po "k d]cr (and billct i1,cludc C ,ra:1nics. n nm ct:ili' l-, carbide. etc :: I

metal slicrs and rt L. nd t r c .i cc rctract(,ric I 2 he' i Ai l it Il ,t
throughout the po\kdc r-mkin pr-,koc1QI (F igurc C lhcsc tcltai1nunitin h -p
em can ti corcctcd. but at :i cst

A ma ir nccd. a.gain as % ith hc stupraIll o P. is a conni<tcnt 1,k c1 m:1kinL
procCss under real-time control 'hc mo t dIifficult task<s in nicctinv this, necd"
arc dc clopmcnt o a qUntita3ti c undcrst anding of th c powk dcr nak ing prOcc-.
and de\ clopmcnt o f the ncc ssa r sc n , irs to prii\ idc Iccd a:ck d a t a fir p) roccss
control Some of thcse senso rs, according to Alcoa. a re nc\ tcchnolog. -- that -

is, t hKt ha \c not rcac hcd thc opera t Ing stag in aluminum Leder producti on "
Such scnors includc thoc fo Ir in-linc rcaIl-timc) rlclais U rclcnIt ofC thitc comptosi-
tion of 1mnolten metal .and ptmidcr and the palrticlc si/c distrihutioin in pondcr.

-A four-rc a r prgram L i ndIcr vsal\ in Jaan t, dCes,,p ultrafi c etaCIll :1 %-

dc r\,. %k hich lea d to c tn r oled I t r u ct . finc P rain. a n d u per 1 latieit
in the rcsulting nmctals I he ', has no skuch proer ims,.

I tan T oL x I dr \ CI tJ II u rg s

BFth the ir Ir Icc aind \,I\ arc Moponrint r f t , dc> inc to d-etoCIp P 1
tit inium alls r net" h p ar rc ti Ihr,, t 'cl,,t, ntdl ci I 1,it

I r ti c Pre I ne t ) 11, ,tIe1 dsc ipl Cut> P lttf I & \ tn-s is \ r' ic ,l n 1
n t nhn urn ing t ihi l I ak thI I i 11 1 t%' p I i LTIiiill pi rt , ith ,
',,fn prcvtr blabec" in ias tIrhm .'. can I-c enit.t I", It 11 I Ih I Ice
,trcngth dIf this I I aP\ it riil miot IIr I .I iii , I l.ii I i' li' h niipi ,', I -

Iper itc s iiim ', i'te lrsirtin t i. ti uc et i lhe Ii Ii i- t 1,11"
trcn th nc1 t.hlcn ct alli) s lin tt t ml iri.1 he Ii ,li.ih IC' 1.I .1 ip l I Ii, 1 . 1h e C

l.- 1- N
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THREE PROCESS CATEGORIES

Billet Consolidation

4
Pack & Ship

4t
Screening

#3
Subsequent

Handling Powder Collection
Steps

* e Convey/Cool Air
Contaminants

9 Organics
* Moisture n Z
o Pior Powder LotAi
* Metal Slivers,

Paint, Rust, 
]lj

-Etc. - - - --- -

#2
Atomization

* ntermetallic
(Oxides, Carbides,
Borides,...)Aomz
*CarbonaceousGa
Material

Molten Metal
Supply

eSuspended Non-
MetallicsMotnAl

* Intermetallics

FIGI 'RI 2-2 SOI R( S OF ('ONTANIINANIS IN' AILUMINUM NI PRODUC(TION

-~ ., 'ource Alcoa Co rporationl
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I 1\ II K I I\t 1\( NRIVS

I1 tcchn All 'A >tictural I hich1-'trC\\,) :c1,r1i1c" lac: \ClI11 I Ib1hind ta
I' hit0 )- rt rma o 11,1l Cr nictallurit pa rt baw1 l)d on raI )1d sAolIIIIfl at IAn1 tcAch1)-

1! C 1 (caI r TOduLc t. ac I \ C et uCI 1-d and mans1 AI arc : mas prIoduLIced. I hle\
inclu1kde toilet bs, 1lk, a sak pLug 1' insulator 1S, Llubstra1-te1 S or ic :r oc trI o n Ic
circuLi ts;. ma n c a In d optIcal I \~ C cguLIIdes fibecr A) t Ic s. But ceraI cs re main1

'11 cn emecri ng tA:c fil 21\ o r high 11- pecrfo IrmIlan11ce I a \I alI stressed s t rutctuLiral
cat Cn e et I n is th sIC I I ca-bha Cd, htC a t -pr1t cc tI C tiles on) th1c s pa ce

Ihle In11 3iti ictionlA o c cIan llIcA:s Cor acr o spa cc usc is th c Ir d ura bIlIIty i n
- it te:n irA)no:net> b, t h t hera c ciI cl In g a nd s t cadv st a tc hio t en v iroAnn m ents)

Ilk 11 iCh I Ca exceeCdsI ihat Aof, thlCc s t me Ct alIS. I n add ition. n cw*c r cecr aIIc s like
~IAi n caIrIIde ain d n It r ideo a re mnu ch s1Ntro n ger th)a n t ra d It IonalI ce raiIcs. TIhcsc

* charac tecr s,,t Ies hasi e S pur red cons 1decra bl resC.ea rc h and L dc ecIo pmel cn t d itir Ing t h c
pla > t 5 Ca rs or so oAn cc ri ml I c pa r-t s fI- usc i n c x t re m e ens ironnmcints. suchA 1 as
va'. turbines.

*Potential uses for ceraminics in ga S tUr b In es I ncA I u dc s ta tor-s. rot ors. tra -In s I
*t ion I I n c r s. s h rCU d s ( a br ada b Ic a nd n ona b r ad ab1) .a n d b)ca r Ings a nd slees cs.

-- according to Ceramiatec, Inc. The most common cauLses of' failure in such appl ica-
tioA)n s re Ia tec t o c on ta ct stresses i n voIv In g interfaces oC1 cera m Ic c A)Ij)opnent11s
wkit h other ma tcrilalIs. I n t hecse d cs ig ns, a comIlpIi a n t 'in ter- a \ecr of a t h Ird
m ate rial I ll ofIt cn i m pro ve eomlpa t I b I I I tv a .n d p)rev cn t f'a IlI ire ofI thle cc ra in ic:
f'rom high, locali1zed stress. Thec base strength o f the cecramIlIcs seemsc l- adcq t i tec.
[~or most such a ppl icat Ions, howeve\ r, thle dia t a ba se forI decs I Ln Is 11( I. I dcj3nate
a nd, therefore, the reliability pred icta-bill hv is low.

Fabrication ofCA ceramIli c pa r ts u s uall IIv n xles, frs t, formn a [11 der into

the desired shape in one of several different w,-ayvs. Once foi mlel. til 1:i1 rt Isl
dried and sin tered. It is essential that high-pcir fornma ne ccraicIl pa r ts, be
fab r Ica ted a s closely a s possible t o net s h a pc th s1c Iin t cr ed mla ter ialI c an be
m ac1 hi1 necd o nly w it h d ia mond or bo ro n ca rb ide toolIs, a nd t hc1w prcs is sI: Cs k.

labho r intensi\ e. a nd cos t Ily. Also. ma-Ic hin ing ca n r CdAIi . ticete streng1 th1 C a
cc r am I c part by d amiag ing its surface. For cc r in iIc turb ine parIt * C c Ira ma tee,
recpo r ts, net shape miea ns t olIer a ncecs t ha t ofIt en are closer thai-In 0.M0 InIcl-h a nd(
in most cases closer than 0.005 inch.

Reproducibility, Reliability

nImpo r ta-Int IssUeC f'or s-At ru1ctutr alI ceraiIcs are rpo duiiI-,IIIt a nd( r eIlia'I-I
It\, tjer ana tecc points ou tt t ha t measuitred p rope rtie of a siliconI n Itide ( ca in
A r\ U p ti foutr t imes as, mlu ch asA thec prop1cr-t I csAA of ai ti lperal: 1'\ 11]1 cur

Such \sa riabhIlIIts reCe( ICCs the1 usable)1 st ren g th ofI cc r amic s and comIA AIlplicat' the-11
*k s r k o f thec decs Ii c Cr. A)or rect is e mcasu rc inl etr crA 111 Cd of the s )CItCFC1 -AAIA 1C i/c

- tdistribution and chemiistry o)f tilc starting powd\,(cr.

MIans e n g In cr s fIInd cc ranic ul ,-, n reIi abl)e as,1 Q1 hh- pcrf lirn- lainc ni:1it cI l
a:Ir t I because c ceramIlics do noA)t :ic t ;ike tils h ma Ir difrcc blelP ICI 1 ,cts\\ccn

*the t \Ao i s the reCIlatisl lossC tougLIi hns (1C ImlpacAt r C At:1incA:c (I :c ranI s:. Inlmh-
ness can be imprrosed 1) means such as modif' i n icrs(,tUCtnre' anld dispers"ing
re info(rc in g pa r t IA:c or f'ibe rs thrtugh 1 thle ma:1teil bu 11 tt th 11 cig Cs 1t IIll iust
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VAR1 SILTy R EDUCES TlE US4ILE STRENOT OF CER 4MICS
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Ceramic, Sintered Si 3 N4  Superalloy, IN-100
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\I()R= Modulus of Rupture - the nominal stress at rupture
in a bend test
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Source: Le% is Research Center. N ASS i
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acconmodtc theic charactcristics of the particular ceramic. )esigns for high-

pc:r!_rmance ceramics I n ge neralI a re not optirmum, one problemn is that thc design
and the ceramic maitcrial must bc optimized for the application at the same time
through an iterati\C process.

Ceramic Processing

Processing is predictably an important link in production of high-
performance ceramic parts. Although some such parts survive many hundreds of
hours of testing, most are never tested at all because of macroscopic pro-

cssinog defects, according to Ford Motor Company, whose ceramic work has
fLocuscd on automotivc ga, turbines.

Cera mic-forming processes ncl ude several types of pressure compact ion of
% powder, slip casting (slip is a water-powder slurry), and injection molding.

Steps common to each process are drying (removal of water or an organic binder)

and sintering. Ceramic parts in the prcsintcred, or green, condition arc
readilv machined with ordinar% cutting tools. All spark plug insulators, for
example, are shaped by green machining before they are sintcred.

"lost ceramic components can be made by several processing routes. One
process will generally bc optimum for each part -- with lot size often the
dctcrmining factor -- and no process will genera II v be opt I im u m for all pa rts.

" -\11 ceramic-forming processes, Ford says, require further dcvclopment to
*". improve quality, reproducibil itV, reliability, prod'uctivity, and cost. Good

('AE is bcing done in plastics injection molding, for example, and this work
could be applied profitably to ceramics injection molding. Better under-
standing is needed of the rhcology of highly loaded suspensions of ultrafinc
particles and of the clemcnts of predicting and controlling green density.
Drying may take days or weeks, and tie up floor space, modeling this step h\
computer, which requires better understanding of the drying process, could saxc

. much development time. Also needed is improved and continuous sintering
eq u i pmnent, which m ust operate at about 3500 0 F for mater ia Is like s I I icon

carbide and nitride.

For parts formed by processes like isostatic pressing, dry pressing, and

slip casting, the cost of machining ( i ncl d i ng green machining) accounts for
some 60% of the cost of the part, excluding tooling costs, according to

analyses by GTE. Thesc Costs could be reduced substa ntialy, and quaIt\
improved, by better controls in design and preparation of raw materials and in
processing. Inject on molding is the closest to a nct shape proccs s. It can
handle complex shapes, says GTE, and machining cost accounts for (,nl\ about 20)
of the total, -Fooling costs for iniection molding, howe er, nia\ run S50.000 to

S100.000, 10 to 20 times the tooling costs for other proccsses.

GTE bclieves that nianufacture of net shape parts b jo inirg ceramic and
cera mi c and metal su bcompori n t s ofers ofpport u n it ie to reduce costs l,:ca use
th, subcomponents are easier to rmake than the complete part. lniproed means of
h,,nding ceramics to cer,2iniic, and to ietals are bc,:oning a ailablc: diffusion
bnding ma\ be applicablc to ceramic,.

4



Evaluation of Parts

Nondestructive evaluation methods for structural ceramic parts are rela-
ticl primitive, but are adequate so long as macroscopic defects arc suf-
ficiently common to control quality, which is gencrallv the case toda v.
Examination of parts visually and at very low magnification and conventional 
x-rax examination suffice in these conditions. When structural ccramics enter

So cmrc ialI use, all parts conceiv-ably ma y require some t ypec of rea-II-t imec
inspection for critical defects. The more economical approach would be to
impro\ c reliabilitv to where the quality of structural ceramics could be
assured by testing only parts selected by statistical sampling.

Consunier Products

An apparent misstep in the U.S approach to structural ceramics has been the
tendency to concentrate from the outset on high-performance applications. This
approach does not build an economic base nor create opportunities to develop

' production know-how. In contrast, commercial production of graphite-epoxy golf
club shafts helped the evolution of high-performance graphite-epoxy materials
in part b\ supplying a reason to produce graphite fibers in volume. Similarly,
Japanese companies are commercializing high-performance ceramics in the form of
cutlery and other consumer products.

HOT ISOSTATIC PRESSING

Hot isostatic pressing - simultaneous application of heat and high gas
pressure was developed in the 1950s to bond the components of a pin-type
nuclear fuel element. Today HIP is used commercially for:

. consolidation of ceramic powders

. solid-state bonding
* defect healing and or densification of precision investment castings,

particularly titanium alloy and superalloy castings.

Most hot isostatic pressing in the United States is done at 15,000 psi at
up to 2200 F. Advances in technology, however, have resulted in HIP units
commerciall\ capable of pressures to 45.000 psi and temperatures to 40000 F
(this temperature and pressure are not available in the same unit). It has "
bccn reported that a tlIP unit has been developed that will use pressures to
150.000 psi.

- - A commercial HIP unit. 60" diameter and 120" deep and operable to 15.000
psi and 2200 °  F. is under construction by Industrial Materials Tcchnology.
Inc.. -\nJox er. Massachusetts. on-line operation is scheduled for 1986. l-his

- unit is designcd to permit HIP consolidation of investment cast Ti-6A1-4V
compresor husings for production turbojet engines. Larger, high capabilit
H--FIP units appea to be with in thle limits of current technology, Should a need
for them 11e recognized.
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I',h e I. II P process has b e n used as a pr inc Ipal met hod of producing critical
parts for turbo jct engincs. The parts are used either as-HIPed or after
post-HI P consolidation proced u res, such as forging or extruding. Conceptually.
the t%%o approaches are as followNs:

, Forge
,, Machine

'; Extrude

E P \1 Containerization 
HI

M',achine]

The forging or extrusion ma\ be by conventional means or b\ isothermal forming
processes such as Gatorizing.

The use of as-HIPed or HIP + post-HIP thermomechanical processing is
subject to differences of opinion. The use of as-HIPed parts was reported to
have decreased during 1980-82. follox ing the loss of an F A-I8 aircraft in
September 1980. The crash was attributed to failure of a superalloy lo% -

-, pressure turbine disk fabricated from as-HIPcd metal powder. While the failure
A , as never related conclusively to the part's being as-HIPed, use of this pro-
cedure decreased dramatically in a short time. It has been reported, howe\ cr.
that the decrease may ha e been coincident with other factors, such as recog-
nition of the desirability of using finer powders and an attendant increase in
the price of the pownder, the drastic impact of the decreased availability of
cobalt as a result of political turmoil in Zaire and Zambia. and the rise in
the cost of money in the United States. These problems led to a return to use
of m(,re con entional materials and processes in new production engines.

It has also bccn repirtcd, ho e' \er, that post-HIP consolidation is required
t.- decrcaic ,-d sizes in the po,, der metal product. Decrease in void size

ceramicless p,, d cr is reported to yield improvements in properties such as
- .' x -c, a ati 0C, tough ness. a nd short-time, elevated temperature mechanical

\ cc n, cc I p.. ,,rt ,,ut the n u mbers of parts that have been produced
- ih:r i .- tI II.i I I i. P-lIP thcrmomechanical processing. Both pro-

, ,, rcI h ,c , I n' , pr,duct lines. Individual companies must evaluate
L:hc .... <he i,. p ,,ce c ss in terms of their particular oper-

- . *. ," ... . . , ' 'v the IP process suggest that its potential
- -. . . . F r c. jmplc. uc of HIP for near net shape

AI t. .I c -A ,cecond e\;ample is consolid-
A, . r H L P1 inu m ;ll,\ sil icon carbide par-

.. .. '. V l p .! - ,r b;I The IIIP process is

P° A.



The HIP process warrants research funding airmed at developing a better
understanding of the kinetics of isostatic densification over a wide range of
pressures and temperatures. Whole new gencrations of materials for jet and
rocket engines will require this advanced technology.

CONSOLIDATION BY ATMOSPHERIC PRESSURE

Consolidation by atmospheric pressure (CAP) has been developed by Cyclops
Corp. CAP can produce near net shapes, and its distinguishing characteristics
are simplicity and flexibility.

Powder to be processed by CAP is loaded into glass molds, which are then
degassed and sealed. The molds are placed in sand in a large, reusable ceramic .,-

container, which is placed in an air-atmosphere furnace heated by electrical
resistance. As temperature is raised to the sintering range, the molds soften
and densification begins. The glass is totally molten at maximum temperature,
but transfers atmospheric pressure to the preform and provides a protective
coating over it throughout the process. The shape of the preform is maintained
bv the surrounding sand. Sintering completed, the molds are removed from the
furnace, and the glass spalls from the preforms. The density of the consol-
idated parts depends on the sintering parameters, but ranges up to 99% of .
theoretical. The preforms may be worked to full density by forging, rolling,
or extrusion, parts of complex shape may be HIPed to full density without
containerization.

CAP has been applied to several alloys, but is used commercially only with
high-speed tool steels. The technology is being evaluated under Air Force and
Army contracts for making disks for various gas turbines. The main attraction
of the process is its relatively low cost. The problems include lack of design
data, insufficient development funding, and related difficulties in implement-
.ing a one-of-a-kind technology.

SUPERPLASTIC FORMING/DIFFUSION BONDING ..

Superplastic forming is based on superplasticity, the ability of a metal to r

elongate uniformly by several hundred percent or more without failing. A %
number of engineering materials exhibit superplastic behavior when deformed
under the right conditions. Usually, the initial microstructure must be
fine-grained, the rate of straining slow, and the temperature controlled -
ca refully during deformation. In addition to enhancing uniform straining,
these conditions result in unusually low forces. Superplasticitv permits 
metals to be formed into complex parts using methods never before possible. In
airframe and engine components in the U.S., superplastic forming is used prin-
cipallx with titanium sheet, but development is under way with high-strength

aluminum sheet.

The requirements for superplastic bchav ior of titanium include a chara c-

teristic forming temperature and a fine-grain microstructure. Optimum condi-
tions for the workhorse titanium alloy Ti-6AI-4V arc 1600-17000 F and grain

size in the range of 4 to 8 micrometers. The most common method of super-

plastically forming titanium is by forcing sheet into a die u nder pressure ,-.tapplied b-y an inert gas such as argon... -,

/4) - w
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-The value of su pc rplast ic forming is illustrated by a nacelle bca m fra me
made by Rockwell International for the B-I a ircra ft (Figure 2-4). Con% en-
tionallv fabricated, the component had eight detail parts and 96 fasteners- the

-, superplast ica Il formed part was one part with no fastcncrs. Cost was rcduced
"0 Q and weight 30o.

Diffusion Bonding

Diffusion bonding involves intimate contact between parts at high temper-
ature and pressure and diffusion of atoms across the interface. Titanium
alloys, particularly Ti-6AI-4V, are well suited to the process. The metal in
the interface area of the bonded parts has the microstructure and mechanical
properties of the parent metal.

Supcrplastic forming and diffusion bonding (SPFj'DB) are natural companions
for fabricating titanium alloys: they have identical requirements for tempera-
ture, fine-grain microstructure, and an inert environment. SPFIDB processes
can be conducted sequentially in the same equipment. The process can be used

. to fabricate a variety of complex shapes.

COATINGS FOR NET SHAPE PARTS

Aerospace appl icatitons of net shape parts may impose demands on materials
that can be met only by resorting to protective or functional coatings. Such
coatings may protect parts from heat, corrosion, or erosion, for example, or
provide specific optical or electrical properties.

An important example of the value of coatings is the protection of airfoils
in aircraft gas turbines by MCrAIY alloys (Ni may be nickel, cobalt, or iron).
Precisely applied coatings of these materials, about 125 micrometers thick,
increase the oxidation corrosion life of the airfoils two- to threefold. Other
examples of sophisticated coatings include thin layers of semiconducting amor-
phous silicon for photovoltaic uses, thin molybdenum films to provide infrared
reflectance, and carbide and nitride coatings on high-speed cutting tools to
improve wear resistance.

Deposition Processes

Coatings for these kinds of uses may be applied in a variety of ways:
physical vapor deposition, including plasma, electron beam, and sputtering
techniques, ion and chemical vapor deposition, in which films are deposited as
they are produced by a chemical reaction, clectrodeposition; and several
others. The process used depends on factors such as the coating to be
deposited, the rate and conditions of deposition, the shape of the substrate,
and the desired adhesion of coating to substrate.

Deposition processes tend to be empirical - based on experience rather than
detailed scientific knowledge - which handicaps scale-up of processes and their
adaptation for new materials. The effects of plasmas on deposition and the
characteristics of the resulting coatings, for example, arc poorly understood.
Similar I. cui r rent theories olf ad h es ion do not a deq t atelv explain the observed

4 6
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1' ha I or of some coating-substrate combinations. Also, i ncomplcte understand-

In .t thc origins of residual stresses in coatings hampers the ability to
predict and control such stresses.

Technology Transfer

Coatings technology would benefit from more cffective technology transfer
%k ithin the industry. Highly sophisticated, precisely controlled deposition

n qcchniques. such as magnetron sputtering, are used to deposit optical and elec-
tronics coatings, f or example, and this know-how might be applicable to other
kinds of coatings. Measurement of plasmas by methods such as optical emission

-.pcctroscop, and laser-induced fluorescence are comnmonl\ used in the laboratory
Lto c,ntrlol the properties of coatings being deposited. The use of such methods
has lagged behind the development of production scale, plasma-assisted coating

, Coatings for Gas Turbines

Militar\ gas turbine engines currently incorporate several kinds of coat-
n -,s t o enhance the resistance of various parts to wear, heat. and oxidation-

c-rrosion (Figure 2-5). The performance goals of the next generation of
ngincs. howve,er. will require significant improvements in coatings and other

matcrials. The coatings requirements of these engines include erosion protec-
Sion 'or titanium alloys, thermal protection for nickel base superalloys, and
thermal-oxidation protection for carbon-carbon composites.

Erosion protection for titanium parts in engines will be needed especially
fr ground-support aircraft. A variety of coatings pro\ ide adequate protec-
t on. -The difficulty is to devise systems that do not unacceptably reduce the
high-c\cle fatigue life of the titanium, and progress is being made in this
a rca.

A major technological challenge is the development of a thermal barrier
c, t ing for superallov airfoils in aircraft gas turbines. The goal is to add
perhaps 200 0 F to the maximum operating temperature of the airfoils, with

nsequent improvement in the efficiency of the engine. Coatings in dc% el-
,pment are ceramic and arc deposited in a vacuum by electron beam \aporization
or low-pressure plasma spray. A significant problem with these coatings is
inadequate resistance to spalling. Fundamental work is needed on the mech-
anisms of spalling, behavior at coating-substrate interfaces, the mechanisms otf
deposition of coatings, and the mechanisms of adhesion of overcoatings.

The most difficult engine-coating problem is protection of carbon-carbon -n r
c mposites. These materials offer the highest specific strength available ,
toda at very high temperature, but they require protection against oxidation
at temperatures above about 800 0 F. Several coatings are being tried. A
maximum operating temperature of 25000 F seems achievable in the near term, the

mit r carbon-carbon would be about 3500' F.
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Generic Aspects of Coatings

Protective and functional coatings should be considered from the outset, as
an integral aspect of design, rather than as means of solving immediate, unan-
ticipated problems. Failure to do so can lead to significant delays in produc-
tion because two years or more may be required to scale up a highpcrformance
coating and coating process to the production level. Scalc-up time could and
should be reduced by strengthening the scientific basis of coatings technology.
The impact of excessive scale-up times could be eased, ho ever, by dealing xith
coatings as components of composite structures, i.e. substratc-intcrfacc- c -

coating thus offering a designed protective system matched to the function of'
the part.

%-

RECOMMENDATIONS

We have summarized current problems in emerging net shape technologies in
the form of specific needs, which we have converted into five road maps, four
in R&D and one for institutional relationships. Following the road maps is a
numbered list of workshop speakers and the titles of their papers (which
comprise Volume III of this report). These papers, and the applicable road
maps (RM) are cited where appropriate with each of the needs. To facilitate
application of emerging technologies for economical, net shape manufacture of
high performance aerospace parts, we recommend meeting each of the following
needs:

Powder Metallurgn"
"-I

1. Closed-loop control of processes for producing rapidly solidified metal
powders. This will require the development of quantitative process models.
sensors for critical variables, and process controls. It will require that
relationships be established between process variables and the quality and
size distribution of powders. It may require modification of atomization
processes to permit continuous operation. (2,3; RM 2-4)

2. Accelerated research and development on improved melting methods and ceram-
icless atomization for superalloy powders to support detailed design of a
production system incorporating these features. (2.3; RM 2-2)

3. Integration of aluminum powder metallurgy technology into the design of new
aircraft structures to insure that the technology is employed optimally and
cost-effectively. (1,4; RM 2-5)

Consolidation and Forming of Alloy Powder

4. Development of process modeling and control of powder consolidation and
improvement of microstructural control of powder metal parts. (2: RM 2-1 or
2-2)

I.5-e

5. Development of the scientific basis of hot isostatie pressing process
modeling and control of HIP, and understanding of effects of HIP variables
on powder movement and bonding and final properties of HlPcd parts. (1.2;
RM 2-4)

.,4. .0



6. More effective integration of alloy design with powder mnctalluirg n -

turing of net-shape parts. (12; RM 2-1, "2)

Structural Ceramics

7. Scale-up of laboratory fabrication processes for structural ceramics to the
% commercial level (8). Better understanding of structural ceramic forming

processes, the sensors and controls needed to place these processes under
closed-loop control, and the associated data bases. (5.6; RM 2-5)

8. More effective integration of design, manufacturing, and end use of ceramic
parts to ease the difficulties of optimizing design and ceramic simultan-
eouslv for the particular application. (5; RNI 2-5)

9. Accelerated development of the ceramics-oriented aspects of NC and computer
NC machining, joining, NDE, and HIP. (7)

10. An expanded range and volume of structural ceramic products, including con-
sumer products, to support the de\elopment of manufacturing experience and
sources of supply. (RNI 2-5)

11. A wider range of domestically produced ceramic raw materials, including

high-quality powders and reinforcing particles and fibers. (6; RM 2-3)

12. A truly multidisciplinary approach to ceramics, involving ceramists, but
also chemists and other specialists, including chemical, mechanical, and
systems engineers. (5; RM 2-5)

Vaper Deposited Coatings

13. Further development of the scientific basis of deposition processes and
development of process models, sensors, and controls required for real-time-
control of such processes. (9.11" RM 2-4).

14. Deeper understanding of the mechanisms of' adhesion and the causes of
residual stress in coatings. (9; RM 2-4)

15. Improved definition of areas where coatings can benefit near net shape
processes. (14- RM 2-5)

16. Better technology transfer in the coatings industry, such as the transfer
of optical emission spectroscopy and laser induced fluorescence from cur-

, rent laboratory status into production. (9)

R&D ROAD MAPS

-fhc road maps that follow concern technological and institutional needs

that we believe deserve special emphasis no,.. The needs specified abo\e extend
\A well bcond those covered bv the road maps. We believe, howcver, that for man-
of them, further information on industrial plans and circumstances is required

P, %.....-. ,.- .. .. ......¢ .. . :-.- . -, -:,: -< -,',
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to assure that govcrnment spending would be acceptably cost effective or that
the resulting technology would be satisfactorily transferred to advance the

-4-, .4.
state of the art and provide specifications and standards.
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\a- ORKSHOP 2 SPI AK LRS a

.. Bridcnbaugh, Peter. Roadblocks and Opportunities for Iligh-Pcrforman,: C.
'.-.. Po%%der-Mctallurgv Aluminium Alloys.

e..,,.

2. Sprague, R. A. Supcrallov Powder Processing for rI t ical Acrospa~c .
Applications

3. Cox, Art. Powder Metal Technology Impact on Gas Turbine Net Shapc
Fabrication.

4. Ping, Stephen W. Consolidation Processing of Aluminum Powder Metal
Alloys.

, 5. Richerson, David W. Structure-Property-Processing Relationships t

-, Net-Shape Forming of Ceramics.

6. Mangels, John A. Net Shape Forming of Ceramics for High Technology
Applications.

7. Smith, P. C. Some Emerging Net Shape Fabrication Techniques at GTE.

8. Prewo. Karl NI. Forming Ceramic-Ceramic Composites.

, - Prewo, Karl NI. Ceramic and Carbon Fiber Reinforced Glasses

. 9. Bunshah, R. F. Overview of Coating Technologies for Large-Scale
*... Metallurgical, Optical, and Electronic Applications.

10. Brown, S. D. Anodic Spark Deposition of Ceramic Coatings.

. I1. Hill, Russell J. Research and Development in Line of Sight Processes:
Advances in Processing Large and Irregular Geometries.

Chang, Ping Y. Enhanced Magnetron Sputtering of Planarized Silica

Coatings

Evans, A. G., G. B. Crumley, and E. Demeray. On the Mechanical Behavior
of Brittle Coatings and Layers

12. Mehrabian, Robert. Status of Powder Metals Processing - Future Research,
De,,clopmcnt, and Engineering.

13. Seraphin, B. 0. Morphology, Composition, and the Optical Properties of
Thin Films Deposited from the Vapor Phase.

14. Rockett, A. A. Thin Film Deposition by Plasma-Based Techniques.

15. Hlecht, R. J. Coating of Net Shape Parts for Gas Turbine Propulsion-
S, stems.

l6 Schuster, I)aid M. Cast [)iscontinuously Reinforced SI('-Al.

a The material submitted for publication b\ thcse speakers appears in Volumc

III of, this report.
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17. Dulls, E. J. Near-Net Shape Process Using HIP of Alloy Powder Particles.

" 18. Lherbier, Louis W. Consolidation by Atmospheric Pressure.

19. Ghosh. A. K., and C. H. Hamilton. Superplastic Forming and Diffusion
Bonding of Titanium Alloys.

,, Ghosh, A. K. Superplasticitv in High Strength Aluminum Alloys.

Ghosh, A. K., and C. H. Hamilton. Influences of Material Parameters and
Microstructure on Superplastic Forming.

20. WAeisert, Edward D. The Realization of SPF/DB as a Commercial Fabrication
Process.

Weisert, Edward D. The Nature of an Emerging Fabrication Technology,
SPF/DB and its Quality Assurance Implications.

Weisert, Edward D. Advanced Structural Components by SPF/DB Processing.

21. Muzyka, Donald R. Do It Right the First Time.!

22. Ledger, A. Activated Processes at OCLI.
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SECTION 3: COMPOSITE M.-\TERIALS MANUF.\CT'RING TECHtNOCGY

Composite materials are widely used - examples include automobile body
panels and reinforced concrete - but \with few exceptions they are still emcrg- "
ing as high-performance materials for aerospace applications. Still. miitar$
missions impose demands that point to steadily growing use of composites in
aerospace structures. To permit designers to take full advantage of their

P capabilities, manufacturing technolog\ for these materials must be improved
., significantl\. Especially needed arc improvements in automation and quality 

" control, including the associated methods of NDE. The elements of the overall
problLm considered in this section are shown in Figure 3-1.

-\ mili tar % perspecti\e on composite materials was provided at the commit-
t cc' \ orkshop on the topic b\ keynote speaker, Jerome Pcrsh of DoD. He said
in part. "It is certainl\ clear that the demands of the military, whether they
,c in land, sea, or air %chiclcs; ordnance, support equipment and so on, are
such that composite materials will see an e\er increasing role in achieving the
capabilit\ to meet those demands .... The \ do much more than conventional
materials. The price to be paid for them doing so much more is the need to
assurC that thcy precisely meet the design requirements set out for them. The

, only %%ay to find out Vhcther they will meet these requirements is through very
, ophisticated inspection techniques at each and every step along the wkay to the

ina I product.

NATURE OF COMPOSITES

(,-,mpsitc materials are combinations of two (or more) organic or inorganic
materials. One material serves as a matrix; the other serves as a reinforce-
m :n t I n thec fo rm ol )Cfl fbcr s,\ whiskers, or particles dispersed Ii the matrix Inl
an appr opriate pattern. The primary fu nct Ion of the matrix is to transfer

1trs to he rein forcing mate r ia 1. The rein forcement significantly impro\es
th ro pecrt Iecs o f the mall-t r Ix maItecri I,1. The csec properties a re ta IlIora ble : the

,l mpoIsite may be designed to improve properties such as strength or stiffness
or both, resistance to impact and creep, resistance to heat or other environ-
mnntal fac,, t o rs, a nd d Im cn s IonalI s ta bIIIt y. In addition, mianyv corn pos ite mater-
ials ha \ c %cr\ low density, which can provide significant weight sav ings
c,npared t conx entional aerospace materials such as aluminum and titanium.

AEROSPACE APPLICATIONS

*,,mpos ites in use or in development for aerospace applications comprise
tire rad groups: organic matrix, i ietal matrix, and ceramic matrix matCr-

-lhe organic matricec include both thrcmosctting and thcrmoplastic polvy-
e)r. h meta matrices are mainly aluminum and titanium allos. Ceramic -

m trice incletl gla<s. ilicon carblide, and silicon nitride. (' ar on matrices
:11 i yl ,la CifiCd in thi1 vr(up. Rcinlforccmc nts for these matrices, as noted.

Ill'. A. \l, I' ficrs. whi1 crs. or particles: the materials used include graph-

r. rn, glas, aramid, alumina, silicon carbide. and silicon nitridc. T1he
I rIcts % 1 fiber matrix combin:Itions and ther eir usellI temperature ranges are

i- ti e in [able 3-I.
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?PATERIALS FUFTPN
T EC HNO0L COv

QUALITY JPERFORMANCE1 COST IPROCESSES I I~fOVATIf!

Erp

AIR FORCE NATIONAL FABP.ICATIO~l TOCLINC
SPONSORED CCIAPOSITE ;APPROACPES TECFNIQUES
MULTIPLE M~ATERIALS
CONTRACTS CLEARINGHCUSE

.AIF FORCE
SPONSORED
MUWLTIPLE
CO NTRACTS

FROAD MAPSFRCMOIER&

1N-; ' E -



0 000000000
U o 000000000000000000

0)

CY

•~ o 0L0 0 m 0 x- c D , O..

. zC

%0 .0

co M cc co %:..
cnc

E63

If0 I L

" - -" , -, r .,,- . ,' ."" o" ' ." ' . , ""." " ."" " '"' . - .".". .,"."' - . ."" ,,,,. . . '""""""% - - " - " - .-.
0'." ,'" ' w. . -, . , '. ", *- " ,* ' , . { ,. r . - - - . ',-,.' a , '., " -_ . % - % ." -'' ' ' '



w-r'rr-o 'rr-. r- . w , . - Er

1)uring the past 25 srs the "s hih-per fI'rIance cmpitc .... n
V.S.-made f'ightcr a nd attack aircraf't has climbed 'romll o1nC or t (t percent t.,

28', of airframc structural weight (1-igure .-. [he peIcnt is 05k I Ii
heas icr biucra 't, 1If the absolutC mllonts can be mkel
up onl\ 21.3I percent of the structural eICIght (o" tie 1C -I Ii fir examplC, but
total 0,000 pou11nds peCr aircraft. RCquiremnents l'or the nc\t gcncratiti of A(ir

I Force fighter. the Ads anced lactical Fighter VI(-I-). are CxpCcted to uh r

composites to tbct ecn 40 and 50 percent of structural weight.

"i, Current and future applications of como site materias include ii c:raf:t.

missile, an nd spacc structures and engines. ThCse applicatins, and ,tpotentil:

temperature capabilities of the materials arc sho\ n in I 1ur11 - . I h .e Im- m

positeI on 1c .. military aircraft no i \v sr ice arc thCrmo-cttine re in>..

ma in l e pox ies. rcinf'orced principally with Irlph ite fi bers', but :i1 1 tth

g lass. aramid, and b(ron flibers. Airf'rame prices and matrial c1t1 1 :Ie II)') n II

in Figure 3-4.

As FigPure 3-4 shows, the price per pound of airframe ('complete aircraft I
less engines and as Ionics) varies considerably. c en is\n the 'ncrtaintI

inherent in such compilations of" data. )epending on the t1 o aircraft.

these prices range fron a hi gh of" about 5750 per po(und for fig'htcr and attack

+",.5.',. aircraft to a lov ofl about 520 per pound for light single-engine aircraft. h
selescalating costs of airframes. especially for fighter a ircraf t. arc a maJr con- "--

cern. In dollars per pound. these costs havc tripled since 1950 (Figure 3-5).

- The l'lyava.,a costs (total procured costs including scrap and w\a stc) of air-

I framc materials also \ar\ considerable. Aluminum may cost as little as 55.0 S-

-.. per pound whereas boron epoxv can bc as much as S350 per pound. Ma n u factu ring

and qualitv assurance costs must be added to these material costs.

A t current prices, and evcn ith the significant (20-30 .1 weight sa\ in,-

tha t ha\ c bccn demonstrated, the primary co st- fcf'otivc d n a''ordal u' of

composites Will be in large transports. business .jtse. turbop-rps, and future ,

fighter and attack aircraft. In addition autnmatCd manua' cturing technique>

must be em plowed to reduce manu fact u ring costs.

-., One of the major advantagcs of compsite structures is the abilits t

-tailor the compon ent to a net shape whr., beca use of the stiflncss and

stenth anrhbiiyt cue ma ns fewe;cr pa r ts are needed to sait isfI
the structural rcquircmcnts of a number o f built-up structural comone ,n c nt>,

Thcrcfore. althoeugh material and fabricatio)n cost msay bC higher. b cau|e tI

reduced part counlt. the installed cost of the coponernt could be l(ss er than i I

.,- comparable built-up and assemblcd structures of aluminuml. 0

I he ATF and colpa rable, aircraft will requ ir i n Iprose, Cd c)mp'-ite> C-, I,.I
st ru ct u rcs and engines. (Ca ndida ts f'ir c e in :o fra Il mes , in cl udel Ili n cIl CII
ojrganic matrix con posi ts b a sed on C p( x atnod tither 1llCe I r in>.Ithermoplastic res ins, and metal matrix cimp,,ites. IIninc appli~ati,,ns ,,l'
t pp rt ii nit Ic f:,r orga n ic matrix a>', elf as metal a nil ,ccia ii :tti '-

cpouif0 t e d.

Producti(,n Usc 'i me"an:tal anI cera i llIc matrix c\Ip il" in ic ' 'ice <pp!I-
cations are few. iron a tlmin t|ii parts arC uCd on the spice 'hittlC I a d i A ph-

ite aluminum parts on the spacc telco pce I, rgirs o n v i I c

. ith silicon carlide particlesare scheduled ort" pr,,ductin i 1)8, fr 1,w n

4 4e'
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AIR FRAME PRICES

1000 Fighter
Airframe -complete aircraft less &

engine and avionics Attack
600 Aircraft

Airframe Business
Price, Jets &
S/lb 400 Turbo-

Medium Large props
Singles Trans-

200 & ports
Light Twins EZ

Aircraft IZ i
0

MATERIAL PRICES (1984)

400 Boron/Ep
Costas total procured costs including Tapescrap and waste [11

300 ~.

Material
*Flyaway Gr/Ep

Cost , 200 Cloth
S/lb

Kevlar!
100Titanium Ep Gr/Ep

Alm.L~J l i

0

7'.

FIGURE 3-4 PRICES FOR MIATERIALS AND AIRFRANIES .

Source: Iladcock, R. N., "Composite Airframe Production Implementation."
presented at AIAA Aerospace Conference & Technical Show.
Februarv 12-15, 1985.
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the r 1dent missile. Aerospace use of ccra in ic ma tr ix composites today is 1iin-
itd to carbon-carbon for reentry vchicle nose tips, rocket nozzles, the lead-
ing edge and nose cap on the space shuttle, and aircraft brakcs.

THERMOSET ORGANIC MATRIX COMPOSITES

Shortcomings of Material

The graphite epox% composites used for most aircraft applications toda.
ha e sceral shortcomings. One is their relative brittleness, which takcs the
form of lack of dutil it\ and degradation of compression strength following
lom -cnergy impact damage. Also, their sensitivity to moisture limits these
,.'omposites to scrvice temperatures below 260 ' F. Another shortcoming is the
.lo. and costir processing of parts, which typically are cured in an autocla'e

at 350 F and 100 pi ftr one to two hours. This procedure entails a heat-up
through cool-dov. n cr lc 01' up to eight hours.

- nia Ior problem associated with oraphite epoxy composites is the quality of
the preprcg use;'d to make pa rt. Prcpreg is a tape or cloth formed b\ inmprcg-
natin o fbrs t. ith resin that ma % be partly cured. The product is stick\ and
i- backd 1'\ paper until read\' for use. The airframe manufacturer procures pre-
p rg and con' crts it to parts b stacking precut plies of the material, which
arc then usuall'. cured in an autocla'.e.

Standardization of Material

Preprg has ma I(r proble Ins associatcd with quality, reprod uci b i I ity, var-
ations in thickness, and physical defects. These problems affect the man-. ,

ufacture of parts in several ways. Extensive inspection requirements in
,.1,bnlAt oion wk ith rejection and re\ork raise costs. One manufacturer cites
relc,:t rates of up to 20.. at times. Variabilitv and poor quality of prcprcg
hamper automation, w hich is essential to improving both the consistency and
af'fo ,rdability of composite parts mad L in reasonably large numbers. The short-
co mi mgs of prepreg also contribute to concerns about the quality, reliability.
durabil it\ , and performance of parts, which affect design. Designers typically
usc only about 40" of the compression stra in theoretically available in
graphite epoxIie. Caution in design additionally cuts into potential weight
a. %ins. Standardization of materia Is in the form of uniform, close tolerance
pc it i,:at ions is needed noC. (ion tin Lcd effort should bc directed toward the

de. cl pmcnt of less brittle, higher temperature resin systems.

Preprcg Quality

S-n example of the quality prulIcn is the variable thickness of graphite -

cpox, prcprcg plies Ihickness depends on the weight of fliber per unit area.
o er t ber a rea wcight FA \\ an o resin con tent. A ty pica I ply has an oII of
145 i " g ni and a resin contcnt of' 35 + 3",, 1 b\ wcight. Ihc p1  Cures to a
hi-kness of about 0.005 in.. so 100 pliCs are used to form a typical laminate "
ith a nominal thick: ness of 0.50 in. lhe thickness of the cured laminate can

'ar\ ithIn a tolerance of + 0.05 in.. and it is not practical to surface-mill
the ma ter I a I Such .a r i at ions create problems with ica su ring thick ness of
part.. cnpleit ,f t I ling, and in%.entories of fasteners of variable lengths MIcgh

N. . V % 0%,
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rCq Lircd to acconi noda tc r1 ' iat ion s In t hick ncss. A ni1M-1 itlAn ct I Cr p( in (Li '1

that ariations in the thickness of the A\-SII composite wing skin add a much
as 30 to the cost of ISsCilbl\.

People in the indnstrs beliee that., graphite p -x1 prhpreg tolerances could
be tightened to an VA\\ of 145 + I g m and a resin content o 15 + I" or c\ cn

0.5 . Thickness tolerance for a 0.50 in. laminate wC uld then bc _ 0.015 in.
at a resin content of 3s + 1 and + 0.00t )  in. at a resin content of 35 + 0.5'. .
These tolerances would present no problem i n ma kin g parts. he t lo ac- ncc or .'

resin content alread\ has been reduced from + S to + ,. so the FA\\ tolerance
imight be the best place to start.

Prcpreg Characterization Specilfications

Eff'icient production of" high pcrf'ormnlan -c graphite epo\v components also
would benefit f'r om more t horon gh characterizat ion and sta nda rd i za t ion of those
properties of starting materials that aI'fect man nf'aCturabilitv of parts. Pre-
preg suppliers, for example, tvpicall\ cannot predict the cure and postcurc
bcha\ ior of their products. The user must determine the kinetics of' curing and
must be ever alert to the possibility that kinetic parameters may .\ar\ from"
batch to batch. A trul\ fundamental grasp of the chemical kinetics involved is
probably unnecessary, howcver. Techniques arc a ailable for fingerprinting
products using preselected standards. A profile by high-pressure liquid chroma-
tography. for example, will detect \ariations in the composition of epoxy rcs-
ins. In this vein, industrywide specifications for graphite, epoxy prepreg are
being considered by a technical committee of the Suppliers of' Advanced Compos-
itc Materials Association, a trade group formed in March 1985.

Automated Process Control Sensor Development

Automatic process control and adjustment will be needed to produce graph-
ite epoxy prcpreg with adequately low thickness tolerances. To achieve cf'fcc-
tive automated control, however, more must be known of the key parameters of'
the raw materials and process. Improvements in sensors will be needed as well.
Sensors for FAW and resin content are used fairly widely, but we have no really
good, validated sensors for parameters such as gel time and resin flow. nor is

* it clear how best to detect mechanical defects. One problem with obtaining
improved sensors is that the market is ton small to attract strong development
efforts bv instrument makers. An integrated sensor development program with
industry wide participation and communication of needs and resuis would be well
worth funding. Capital cost is not a major problem, most prepreg makers would
be willing to install automated control quipment if it were available.

-Advanced Curing Concepts

Various advanced concepts for curing thermoset resin olpoites ha' e been"
examined with the goals of reducing costs and casing other prvblms \ ith cu-,

rent methods. State-of-the-art methods toda\ arc the autocla\e. \ ac t ln bag -

oven. and comprcssion melding, and each has di sad\an ta gcs. Atc CIa'e qC(uiplel t,,_ ,
is expensive, compression molding r(luiIres Cxpensi C tooling a nd is not snit- 1
'able for conventional prcpregs.

- 7()
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Curing methods that may find use with aerospace parts in the future include
nonautoclave curing (under vacuum in an o\en), coldwkall autoclaxc curing- pul-
trusion; radio frequency ( R F) curing; elastic reser oir molding, a compression
molding process; and clectron beam irradiation. Some of these techniques are
already in limited use or are used widely in other fields. Each requires de cl-
opment for aerospace work. RF curing, for example, was tried in the mid-I9T0s
and seemed promising. The method may warrant renewed development because nc.,
RF techniques have since become available. Electron beam curing has good poten- ."'

tial, but could be costly and poses many unanswered questions. The \acuum bag-
oven method imposes limits on part geometry and thickness, and parts may ha' e -.-

questionable mechanical properties.

Advanced methods of monitoring and controlling curing cyclcs have become
available in recent years. Computer-aided autoclave control systems arc on the
market, and software for modeling curing cycles has been developed. Also. con-
tinuous monitoring of the dielectric properties of a rcsin while it is curing
can be related to the physical state of cure. Current practice is to monitor
temperature and pressure, which gives no information on the state of the resin.
Demonstration that dielectric monitoring can accurately identif\ the completion
of cure will significantly reduce autoclave time.

Development of advanced curing concepts does not entail particularly high
cost. It thus appears that such work would best be funded by multiple, rela-
tively small contracts.

Tooling Development

As organic matrix composite aerospace parts have become more complex, the
size and complexity of tools have increased correspondingly. The cost of tools
and the time required to make them have grown as well. In addition, several
different tooling materials are being used. Metal tools are very durable and
have good thermal conductivity, but they do not control critical dimensions
S well because of the mismatch between the coefficients of thermal expansion of
the tool and part. Composite tools, oil the other hand, provide good control of
dimensions and contours, but suffer from low thermal conductivity, poor dura-
bility, and high maintenance and repair costs.

Tooling materials pose a mix of problems that must be solved to reduce
costs. Further, tooling systems must be modernized to be compatible with 
CAD CAM. Computer generated designs of composite structures can be used
directly to machine the master model, the permanent pattern, or the layup mold
tool itself. Since the technology exists, new tooling materials and systems 
should be evaluated with it in mind.

* Work in these areas is in its first year at Fairchild Republic under an Air
Force funded program. The company will evaluate ness tooling concepts for
curing graphite epoxy at 350 0 F. At least three materials svstems will be
selected from 15 or more candidates. One material s\stcm will be fabricated
for each of three generic types of composite structures - internal, external.
a nd co-cured - and will be subjected to thermal c cling tests. Finall\. a
full-scale tooling system will be e aluatcd through sc cral autoclase cyclcs at
350 0 F. A composite part 6 to 10 feet long is being considered for this den-
onstration.

71 ,,,,

-..-- -....- -, .- . --. . . - , .

%5~~



- .. -. ''"W"7' %* -U"*%

Standardization of Material Systems

We see an urgent need to standardize material s\ stems that ha c bccImC
sufficiently maturc to be selected for use in production programs. The ,,1, jec-
tire of such an effort would be to develop standardized classes of compositc
s.stems that would be full v qualified and also would havc an extcnsi\ c data
base of physical properties and design allowables. The tasks inx ol1 cd % ould
include development of uniform material and processing specifications and stan-
dards as well as qualification procedures and test requirements. .\ standardi-
zation program of this kind could be the responsibility of a federal laboratory %.--
or other organization selected by DoD as a National Center. The objectives and
payoffs of this approach are outlined in Table 3-2.

Skilled Manpower

A critical need in composites is manpower skilled in manufacturi and
processing the materials. A significant increase in aerospace usage of com-
posites would require additional trained personnel, and no comprehensive plan
exists for obtaining them. Available vehicles include DoD Tech Mod programs
and some initiatives of the Air Force Aeronautical Systems Division. In addi-
tion, the Air Force could sponsor faculty positions at leading colleges and
universities across the United States to help provide the specialized education
and training needed in composites manufacturing and processing.

Higher Temperature Organic Matrices

Epoxy resins are unsuitable for long use above 260 F. Two other thermo-
setting resins, bismaleimide (BMI) and polyimides (PI), are used in organic ..
matrix composites for such applications. BMI is suitable for service at up to
400 0 F and PI at up to 550 0 F. However, processing requirements for polvimides
are more demanding than for epoxy or BMI (600 0 F'200 psi vs 3500 F '100 psi),
which raises costs significantly. Lower curing temperatures for both BMI and
PI, and more readily processible PI, should be achievable, however, and devel-
opment in these areas is under way. These resins cost far more than epoxies,
and composites made from them are more brittle at room temperature than their
epoxy counterparts.

THERMOPLASTIC ORGANIC MATRIX COMPOSITES

A strong effort is under way to develop thermoplastic resin matrices for
advanced composite materials, but no structural parts made of these materials
are yet flying. Representative examples of major thermoplastic systenis under
development are shown in Table 3-3.

Con,'entional and thermosetting thermoplastics show great promise. Several
thermoplastic resin polymers have much higher interlaminer fracture toughness " s"
than expoxies. Thermoforming principles are well established for resins with
lower glass transition temperatures (Tg), but more work is needed on higher Tg
systems. The processing of newer resins should be improved. Yet to be shown
arc the feasibility of producing large, flat (thermoformable) sheet and clear
economic advantages of using such materials. The thermoplastics also pose
specific critical questions. What is the best way to make flat sheet for thcr-

'V 72
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* . OBJECTIVE

DoD shall require materials to be qualified to uniform

standards.

* DIFFERENT CLASSES OF MATERIALS

- fibers

- matrices

- adhesives

- coatings, etc.

" STANDARD MATERIAL CLASSES

- material specification/standards

- processing specifications/quality control

- tooling specifications

- qualification procedures/tests

* RESPONSIBILITY

NBS or other appropriate government laboratory

* PAYOFFS

- opens up competition

- reduces material, qualification, manufacturing costs

- cuts time for product/process improvement

- enhances data base

- reduces risk

,T ABLE 3-2 STANDARDIZATION OF ('OIPOSITE MATERIALS
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n i o' orm ing? W ha t mtatrix nelt ,iscositics are necdcd ,o r economic fcasi 1lit N,?
Can the degree of crs stal ini t v be propcrl con trol led'? Is the prcsent method
of measuring solvent resistance good en,,d, gh? Will it bc possible to make
la rge, complex pa rts of gra phi i te t hcr inll .st ic? And do the potential cconomic
returns justify the high devclopment costs?

Advantages and Shortcomings

T The toughness of thermoplastic composites allows dcsigiers to use h igher "
strains than are possible with the epoxies and other thcrmosets in use toda y,
and thermoplast ics also are far more tolerant of impact damage. Designers
could thus take fuller advantage of the higher strain graphite fibers that have

. ' become available during the past few years. IIowcver, resistance to solvents "
has been a problem w\ith some thermoplastic materials. Also. the cost of therrno-
plastics - currently SIO0 to $200 per pound - is significantly higher tha n the

-,,cost of comparable thermosets.

Processing techniques for preconsolidated sheets of graphite thcrmoplastic
* include hot-head tape lavdown, autoclaving. matchcd dic molding, and a pultru-

ion extrusion process. The materials would be used more widely if they, could
'  -e handled in tape-laying machines. Some thermoplastic resins, such as PEEK,

A r a% ailablc in ma nv forms, including f il, ta pe, co-woven fabric, standard
',I1 r ic. and tubes. Forming processes include brake forming, pultrusion-
x'ru ion. hothead layup, matched metal die molding, roll forming, ther-

- rming. hvdroforming, and nydraforming. Potential applications of thermo-

,1 1 1_ l'- t atrix composites include wing skins, stiffeners, control surfaces.
. - k,,,ncV and doors, brackets. fairings, and other secondary structures.

.rca' in addition to those noted above include Costly facil ties.

;.), i, ", ;ei. ctic behavior, and the need to adapt design, analysis, and
Q . met h ,ds to new mater ia Is. Self-h1eated tools or an autoclavc
I a rt nccded, the layup would be heated in an oven before transt

; , r hping machines or both.

_ r .' pr o, lem is the fatigue and creep behavior of thcrmnoplastic
r ,, I rti ul.trl\ at high temperature. The necessars tests are time

St, ain, are not normall\ cond ucted earl v in the dcvclopmcnt
t hc t ttiwu and creep performance of the thernoplastics no w ill

pcgtcdI in the properties a,, d processibi 1 itv of the
Ltudx . gi c n their carl stage oI de\ clpnIlcni e

: . % cx Ir. %hich scrioul hampers the dc \clop-
I m ntll, ittriIng databas;c. Bal (ic design dat: ar ."

n. , :il r s truCt LA r . p1) i i ca t i )n s should be
n' , in! c,'idcncc in the matcria * \

'. , , lI [' M I I M )\

pch r I, m I) cir Il n i llc mat rI \ c l1-
h I Ic lii-tx pCrtaiIn t, CP\
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matrix pa rts: the principles, howe\ eer, extend to other t hiec b t rc', ins and
- thermoplastic resins, although specific problemis ma\ differ. ) (ost-cuttingQ

t- possibilities include a utoma ted fabrication, new concepts in tooling and C r-
ing, better methods ofC joining, and inipro' ements in N1)1K o! components. I hc
privately and governnment funded development work tinder "a\ In thcsc areas is
well justified.

Perspective on manufacturing costs is provided 1\ Figure 3-4. The fi a% a%
price of airframes for fighter and attack aircraft ranges, from about SS00 to
S750 per pound, whereas the flyaway cost of graphite cpox\. the mos)t \x idcl

, used composite material, ranges from about S50 to near]\ S200 per pound, nit
including the cost of manufacturing and assembly. Substantial reductions t
be made in the cost of manufacture and assembly of composite parts using auto-
mation. The saving that automation might actually achie c, honcser, is uncer-

,/-U tain at its present state of development.

Design-Manufacturing Integration

Efficiency in manufacturing benefits from \ertical integration of pcople .),
and information, but it must be done early in a program to achiee maximum
sa v ings. Computers a re powe-cr ful1, if CIniti'allyI costl , toils for impem nng
such integration. Experience with making composite parts ha,, dcmnstratcd the
value of vertically integrating and colocating all Ifu nct i,,ns, nrom dcsien 
through manufacturing. This arrangement facilitates addt i na I ac i1 i I,:, mci-
sures, including regular meetings of ke\ pcrso nnel, minim f r the numbLer ,, 
approvals required to take action, and making full use I cI, Lputcr-intc ratLI
manufacturing (e.g., interaction of C-AD and U-\\1 I'unctotnn)

Design-manufacturing integration is difficult t,, ic ',; .L
* - institutional, technical, and in f r matnal a i e r tnr I T I I I II I I: t

Technical barriers include pro lem : . c:I ,t(Ld ,,Ih ,i.b tcvn" o '.

fabrication Ahen the capabilitie\ Mr mtI t I n. tI I InLI II i .

are either undefined or 'er\ I s1, Jet incI &'r, I-r U .n P 1 w - I
let.points of manufacturing In, uil It in; ther

define the details and ncc s , the .ii te. I II. t. t i 1
defined in detail toge t her %. i ill I h, res ut rC nt Ilii I il 1 1

,, tions, dimensionalI t(,lcrain-c,. . I l.h''i d I I ! ii. w
design handh,;,iV) . \.hie-h ire t niicr, L n t t I

a,'
.. ,.. . X|,1ore v'm a t s ,rl c ,,I- I:c, I n h2~ n l It I , it I' i n
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Automated Fabrication

Automated fabrication of epoxy matrix composites is needed, as notcd car-
hier, both to reduce the cost and improve the consistency of parts. Automation
is best suited to high-volume production. Even w-here volume Is low, however,
automation should yield substantial sa' ings if it is designed to be flexible.

Fabrication costs are high because of high labor requirements combined with
the %ariabilitv and inadequate quality of' prepreg. The charactcristics of pre-
preg also complicate mechanical handling. Extreme care is needed to avoid dam-
age and insure that there are no foreign ob~jects bet~xeen plies.

Other characteristics of' prepreg also hamper automation. A company devel-
oping a prepreg tapeL Ing m.ciereot a variation In the width of 3-inch
taIpe. AlIso. the tape w Ill not na t urallyI run straight over surfaces that have
double cur' ature. These conditions mna ke I t d iffic ulIt, i f not i mpossi1ble, to%
control gaps bet%%een adjacent lengths of' tape as it is laid down. One solution
to this problem, cited by an airframe companyv, is to recognize that the tap e
"has a mind of its own" and use "natural-path" programming on the tape-laying

mac:hin e and accept gaps a t less critical points i n the laid-dw aeil
Other solutions include machine lavup of narrow tape or use of forms of comnpos-

.' Ile other than prepreg tape or broadgoods.

Alternati~e Methods of Fabrication

Sc'scral alIte r n at I C to prepreg 13% Up are axailable or -are being de~elopcd.
I h c., n,:I Ld C *1l tihnnt %o wind in g. l tr U SIon, in ction molding, a nd press mold-

III j' I, : , nI 1 hi Icc , tcc'(Il i mI .ir \Cii u a ruicct I

I - nI k Ii n I I 1 11 1.1 1' ~ c prc v 1~ I I pc rt I I. V t
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t* o rcc men ts L1 sCd toda , are glass, graphItc, or araiId fibers In ufnliIrcctinaI

or multidirectionaI forls ov c n t'abrics, stitchcd fIabrics, mats).

Pultrusions are highl controllable, reproducible, and. rClati C to othe! r
a erospace corm pos i tcs, af lord a hI e. The ma jor in h hi to r is that t h pr,:es can
bc used onl , to ma kc straight, constant cross-sect ion parts. such as tu bes o I
hat or I-section stiffcners. hich cannot easily bc formed to Clr\Cd shapes.

Continuing cNa I ua t ion and monitoring of t hc dc N c lopmc n t of pu t ru iou
""c tcchnology are highly desirabc. Spccif'ic future applications %ould ta kc the

form of st i ffcncrs for %ing or fuselage covers of Ia rge t ra n sport ai rcra ft. the
shells of missile structures, or tubular parts of large space structures.

',.. .

Injection Molding

Injection molding consists of placing a stitched prcforn of the rein force-
ment material into a closed dic and injecting liquid resin into the die. The
resin is then heat cured. Injection molding is limitcd to detail paris. bIt i s
a \cr\ effective way to make highly curved or complcx-shapcd parts to net
shape. Continued funding of technology development is warranted in this arca

. where special techniques and resins must be used.

,~ Automated Fabrication and Assembly

Several methods of automated fabrication of composites are being de\eloped
and implemented. One method is the Automated Pl\ Laminating Ssstcm (APLSI
being developed by McDonnell Douglas with Nays' support. APLS %ill be coupled
'A ith an Integra-cd Composites Center" the goal is to dcmonstrate full integra-
ion of composite shop-floor operations with comp,'!cr integrated ma Ufacturing

p lanni ng, scheduling, and control. APLS is designed to a utomat ica IfI ha nd I
random ply shapes cut from graphite epoxy broadgoods. from ply cutting through
p1% srting and lamination ( I- i gu rc .- 6 The s\stem is scheduled for produc-
iion In 198)8 It is modular and w I I btc a da ptable1 to % Ir I ou s mIIan ufac t ur Ing

cnther eranple of automation is the Atiomnatcd Integratcd :ItIIctUrrne

-. -ter *I\lSt lexeiped b\ (,rumman A, ith A.ir trece AupprI .\l\1 va, dcclh'l ,
, : I nm,,!,r. lc I %cr', fle ible :appi ) ach th:t c ullt c u ,c t,, , 1-n I C 1ic t pll.,

I mplC .r ,., plc, thap h [he .\stem in,:ludcs a tape-L,, iII mI ehtn . \( pl,
. '?fl tnti t mtef H ¢,t iJ, i,.b re. .\IS !,, inc.!lde' in \i i tthire, c:rjxi-

I ' , ' ll I .'''1t 'i ,l c 1,1%' t: , I I) , I: \2 1 ' I [I,;' ll I 11. { I, ,I l it 1 I n v ; t j . , -

A r i i : ;; i I I . t I I 1 1 TI ' I r I ,
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% ~~Inspecting them for diameter a nd rou n dness, i nstaI In g thc fa stecnecrs, macIIn in g
% ~the fastener heads. and Inspcting t h cm fo r flIu sh n ess. Figure 3-8 sh owAs Ihec

projected impact on costs of the automated pre- and postcure procedures at Grumi-
% W ma n. Equipment is being fabricated for the assembly cell (and forming cell) of'

the four-cell Northrop s% stem, the other cells arc operat Ional1, a nd the factI-
It% is scheduled to be fully operational by the end of 1986.

Although much has been done a nd demnio n stIr ated , secveral ISSuIcs must beC
resolI\ed to take full advantage of automation. These Include:I

0 Confidence in unmanned operation
-systenm standardization
-system integration

intelligent sensing and control
* Start-up and supporting costs

-tools and fixtures
-sof tware

-data availability
0 Quality control

-in-process control
* Engineering. manufacturing, and qualit\

-design for a utomiation

* ~Scensor [)e'. eopin

~%
Pr crerss tnss ardi automated fabrication depends on dl ll)~Iments in senso(r and

Idct :.inicra tchnolog\ Such 1 tc:h n oIo g I~ Ill be nc: s s ar- t o achies Ie in-
p r,: c,,, ( iualI t % contIrol bI as tr Ing t ha aI I pa rt s ol t'Ihe fab.1r],:at ion s\ stem

:()ti I cntiousl sk ith in the programmred parIameters.

Q litXsu ranric

\ILI~h pr ~ h:As beecn made in rcent \eArs III 3utoItin) And the uSe (1t
III7VUc in uIit% assura~nc A0 Organkc miatrix mst parts. The empn 11h asI

7 hif tnl, n, k I I : to cit inu mo(II, ni tr in g aIn d i n pcc I n 1,111m tc earI Ict
V ~ n 1) i1 thrag the entire mianuficturing I)es 1h) pu1,1i0t li-

I I! -:i w t 1"n t i I pr At I c c.I> 1 1) a1 1prae s i I n par 111 c u [i 1 prtn1i

III7 ? III I It71 7I; I I, I I t l e

1i ' A 1 77) 111 1 1t C , 77 I i. I t Ci 1) -Ii 1,1 '7

7I tI 77 h r '. I t I c I, iT7 , 1 -1 1i i I '7 , i I "
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of' repair detailed a nd iniplemcnted. One of' the di fficu I tieS is the abtsence of
s an a r ds f'or the ce ffectIs ofC s pec ifCIc I% tpes o f fla ws o n the in tegri of* thc

line Cor a s scs s Ing a nd rcp a Ir in g mnan ufta ct u r ing det ects o n Ithc basis of' statis-
tI :aIlI\ inca n I n gfu I test da-t a. SuLIch da-Ita COi UId tie col lected and ( a na I cd uis ing
a round -robin approach for exchange of' induIst r\ in format ion. A programi address-
ng the rceject problcem is urgently needed.

Composite Joints ,

IVrad it iona I methods of' Joining composites we-re adapte:d f7rom shieet m ctalI
tch nkoo\ , w IcI:h h as i nfl UeCncecd the s h ap es of' composite pa r ts, the drilling of'
h olecs, a nd the ty pes o f me talI faste ners used. Drilling is more costlv w ith1

11opsie t Iha n wkith meta, a nd fa stceers miayN cost a s much as $10.00eah
** I ntcrf'crenIc-f'i holes wca ken c omnpos Ite s. Fa s tcncr s w Ill remna In i n use, how-

e\ Ior. aInd designs a re needed t ha t a re less costl y a nd a rc tolerantI of vanri-
it ions in the thickness of' composite laiminates.

Onei reason fo r the c on tIn u In g use of metalI I fasteners Is the i nabi itx to1%,1
11c~ te st ren gthl of' com pos Ite-comrnposite bonds wit h con fiden ce using currn

N1) F tc:h n IqUeCS. Neverthlcess, a trend is developing tow,%ard cocuring eomposite
pa p~rt t Io f'orm n Ia rge r, bonded c omnpo necntIs. This ap p roa ch a s now p ra ctI Icd

rcea- te probIe is o f it s os, n, and itI appea rs thlat IFurther de \-eloprnen t of' newv.
1-ninet tchno logp. such as stitching, is wkarra nted.

DAMAGE REPAIR

I tu Itune )) miltry a irc rafIt wvIll require Iiproved mia inte n anc aInd( repa ir
pI U Ied rs Co r comInp osIIe S. A pa rIIc ula r concern is recp a ir of' battle d amia gc.

sk h Ih sihoultId be c omnplete cd i n 1-2 h ou rs. Routine peca cetIme n repa Irs, i n ~
:-ntIriI. aenormialiv comnpleted wit hini 8 hours. Advanced spacecra ft also wIll
1,1c c111mposites to a cons ide rablec extent and repa iring t hem ni n space presents

Cii ret p-)rOCeCd U reCs for recp)ai r o f d -aagec to c omp)o sitIe s I i a I r cra ftI st ruc-
I iu r ci re shokkn In Table 3-4. Bolted re pai1r s are relatli i v straightforwkard
.I n U' uC ma ns o th [ sc k IllIs a nd( tools used t o rep1)a ir metIalI stI rut tireCS. Hot-

1n de r epa 1rs, rcq itIi rc miore sp1cia I i zecd e xpe rtIIsec. I IotI- bon decd e pox v a dhecs I Ves
(ire encr al use\it1,d 1'(jr bodig and th stutr to be reard sh1)oul Id be

1,i i I, %l dir, becfore the p a ttch Is a,-pplie d. 1) rv\ou t for san idw\NIc h s t ruC t UreC
1 ?- --4 8 h, urs %k hceas lamniteI s tr uct ur reuire] 11 s rela tivels shortecr
fe 1~ 1 It':(ntIrolIled dr % in Thust, a miaj'or need fo r th Is- k in d of' recpa Ir is a

hti niritcrial that cure-, rapidl\ at room temiperature and can be used wi thout
niThe airc raft. -\k) needed are better NI mecthods for fi'eld use and wass~

I met ging thermnoplastkic resn com~posi;tes somecday ma\ be read1i\ use d to
Ie I' 11ecr Itise:ts, I hecrinip lis t IcI re pa ir mnate iIalI s houli Id be stIo rable1 fo r lo)ng

er i At ai amIncnt te I icer:it ur c (upi to) 1-'0 ' I and capable of' rapid ( p rocssig
('Iie d energ\,,. lnns-ati\e repair pro~cedures arc more fesil If battle

i m t. rli r :- n sIIIer II t , arc I ntIrodu tced :I t the des igvn stac. U 1\ ni ersalI
ir ite r i,1 III-fit I)ca-il" [, tin .c.,,el is, possible.
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Sex eral thermoplastic resins are of interest as rcpa ir rnatrals for 
thcrmosets. Processing methods being c aluated includc usc of graphite
reinforc:ement for resistance hcating a portable induction heating unit 
dec loped at N -\SA-Langle . ultrasonics, radiation curing, and off-sitc
hot-forming methods. It should bc noted t hat titanium is currently the only
repa ir material suitable for graphite BMI components. A high temperature
ad heais e ill be needed to repair future structures of this composite.

- ncs% concept in repair that should be studied is automated battle damage
a ssmcnt using a computer-based compilation of repair information. The

computer \x ould be interrogated in terms of specified details of the damage and
k0 ould respond by identif\ ing acceptable materials and procedures for repair.

Such a s %stem would best bc based on a set of relatively simple materi.ls and
procedures.

METAL MATRIX COMPOSITES

Metal matrix composites are at a much earlier stage of development than
organic matrix composites. Applications of these materials, as noted at the
outset, are relativelv fewv. Key matrices and reinforcements are shown in Table

Interest in metal matrix composites stems from a mix of potential charac-
tcristics: superior high temperature properties: low coefficients of thermal ,
expansion, contributing to dimensional stabilitytv good survivabilit\, and
tailorable physical and mechanical properties. Silicon carbide 'aluminum corn- b-

posites using continuous fiber have three times the strength and stiffness o f
unreinforced aluminum alloy: mechanical properties remain high at 500-600 o F.
SiC aluminum has useful strength even at 800-900 0 F. Titanium matrix compos-
ites havc good properties at 1000°F or higher.

The processes used to make metal matrix composites are more complex than
for organic matrix materials. High cost has been a major barrier to the use of'
metal matrix composites, and high material prices combined with labor-intensive
fa'rication methods have been a major contributor to cost. All the processes
used to make parts involve high temperature. They hase included hot pressing.
casting, pressure casting Ping, extrputrusion, roll bonding, weld-
inp, and fo)rging. All these processes can be adapted to net-shape fabrication.

Rcint',r,:ing flibcr can be ssoscn into preforms before insestment casting with
a1Ltnlinum, and plasma spray pref'ornis can be made 'r hot molding. Tilaniul
matrix shafts can Ibe made b1\ rolling SiC fabric bctseen foils and IllPing to the
desired dimensi,,ns. SiC titanium parts may be processed b\ su pc rpl a st ic for m-
ine andi diffusio-n bonding. Despite the progress to date, aero space uses tf
.llinum and titaniull matri x C'(npsitcs in uolunic probabl l mUs t a ait a T

c\plindcd datbasc and further impro\sement of m1alnufacturing technuls.

In aidditi ,n t,) high n anul'acta c ts. applica' tin , meI' , tal matrix I.tr Cm-
,-te has e bccn limited b\ the high ost 0f !einfrccments an a need fio

f-: tt r high tempertture reinlrcement- \arious reactin barrier cti hr

tiher, ha . bc cn dcscl,,pcd t,) pre ent libler matri\ intcraictions that Iccur at
the htih pr,,Cc,-, in temperatures, p r utlhcr, m:ans ,f the I-eh cullirs ,I mater-
I 'i 'ire mll C, In r',n I c-, %it h I l) 1itcI1 re., Crc and need I eCyeI in l sic% Ce''pllent

-- ,-.-n ,inI

d.4J

z.5



.4q

.5i

Matrices Rei nforcemen ts

" Aluminum ('ontinuous fibers
Boron (coated & uncoated)

0 Magnesium Silicon carbide
-, Alumina

" Titanium Graphite

L: .; * Copper • \\ires
'Tungsten

* Superallo~s
, * Discontinuous fibers

Al u raina

Alumina-silica 
Graphite (chopped)

0 \Vhiskers
Silicon carbide

..' Particles
'" ~. Silicon carbide

Boron carbide

Alumina

TABLE 3-5 METAL MATRIX COMPOSITES
.. KEYr MATRICES AND REINFORCEMENIS 

Source: Z ellen. C. If., General Electric ('ompanN
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Process Devclopment

Dc, elopment of reliable, affordable net shape fabrication processes for
metal matrix composites warrants continued funding. Such dc elopment % ouILd
include studies of fiber coating matrix interactions and work on process-
modeling techniques. New high temperature reinforcements are needed, as noted
earlier, as well as improved barrier coatings to prevent fiber matrix inter-
actions. Also needed are alternate sources of materials supply.

Process dexelopment should be focused on methods for fabricating net shape
components with high payoffs. For composites with continuous fiber reinforce-
ment. squeeze casting is particularly attractive. NDE is cx en more critical
and ,omnplex than it is for organic matrix composites blecause of the possibilitx . -

of degradation of fibers owing to fiber matrix interaction at process tempera-
. tures. Nev. NDE methods are needed to determine fiber degradation.

Applications Development

Needs in dex elopmcnt of applications for metal matrix composites include
better desgn methods. It is also time to select secondary structural compso-
ncnts for near-term development and production. A longer ter" goal is dcxelop-
ment of the tec,:hnology for using these materials in heaxilx loaded structures.
A pL n ned test a rricle is the ATF x ertical stabila tor shoxwn in Figurc 3-9.
x huh skill use aluminum reinforced with silicon carbide. Four test stalilators
trc planned. Axco Corporation is to supply continuous SiC-reinfrcd alum in Um
F',r the skins ," tx'.o of them and for the substructures of all four: Arc,

h (hemical ('ompan,\ w ill suppl\ xhisker SiC aluminum for the skin s oC txo
SlIt r 1. lh program is be in g cond ucted by l.ock heed for the Air Force

t hl ht lD\namics Va'orator%. Static and fatigue tests are scheduled for 188.

t..mmcrcial appli:ations of metal matrix composites also should be studied.
I)a e mp Ic inx, cs Art Metal Conpan In Japan, %% hich is making fibr-

r c n t'rccd a lu m in u n pistons for diesel engines for Toyota. The pro,:css is
,qucclc cast ing, and the production rate is estimated at 300.000 per \ca r. An
a ppl,:at In that has receixed too little attention is packaging for electronic
And ni c r,)v.a% e dcx iccs. Their unique combination of low thermal expa nsion and
hI h thermal conductiv itx makes metal matrix composites well su ited to pack-
ong i, ma> .cll as to engine and spacecraft applications). A small technical

cfI ,rt h,,uld be Cstahiishcd to foIl lo commercial dce elopments in these niatcr-
1.11 in the S. and a, road. Such dcxclopmcits could spin off into the mili- ._.
talr' ;2rpa2c field.

CI R A\MIC MATRIX COMPOSITES

cr iml,: matrix com pwositcq, excepting carbon-carbnn. are at an c ci carlier
I dc% elhpmcnt than mnetail matrix materials. Kc\ matrices and reinforce-

mcnt, ire sh,xxn in Table 3-6 Funding for ceramic niatrix composites has been
eCr\ limited. again c\cepting carlbon-carbon. This niaterial is l being de\el-pod

t-r 1et cngine parts and, as n tcd earlier. has production uses that include
.,r,.r.0 t brakes and rocket n,,.7lcs..
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.Matrices Re inf orcemen ts ,:,

0 Carbon • Continuous fibers '.

Glass
0 Class Graphite

Boron

S• Glass ceramic Silicon carbide
.€ Silicon nitride .

i'. • Silicon carbide Alumina

• Silicon nitride W \hiskers

Silicon carbide
• Alumi na

TABLE 3-6 CERAMIC MATRIX COMPOSITES

KEN' MATRICES AND REINFORCEMENTS

Source: Prewo, K. M.. United Technologies Research Center","
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The properties that make metal matrix composites attractive are also found
in ceramic matrix materials, which have even better high temperature potential
and reduced radar detectability. The characteristically low toughness of high
performance ceramics can be improved by use of reinforcing particles or fibers.
Ceramic matrix composites incorporating very strong ceramic fibers have been
shown to be similar to graphite/epoxy composites in structural toughness and
reliability. The maximum operating temperatures of these materials may exceed

- 24000 F, compared to only about 600 0 F for organic matrix composites. Pro-
cesses used to make ceramic matrix composites include chemical vapor infil-
tration (CVI), sintering, hot pressing, HIPing, melt infiltration, sol-gel,
precursor infiltration/pyrolysis, and slurry mixing (for portland cement).

Only two glass matrix composite technologies have reached the component
testing stage. One involves application of the matrix to preformed, net shape
reinforcement by CVI. In the other, composites with glass and glass ceramic
matrices are fabricated much like organic matrix composites: a tape of
reinforcement impregnated with a glass frit slurry is laid up and pressed to
net shape at a temperature that renders the glass sufficiently fluid to
permeate the reinforcement thoroughly. These composites can be made by other
processes, such as matrix injection and use of chopped-fiber molding compounds.

A French firm is supplying experimental gas turbine parts, including
integrally bladed rotors, made by the CVI process; the matrix is silicon
carbide and the fiber is silicon carbide or carbon. The CVI process has been

" - used in this country by Amercom Inc. to make large parts such as tubes 8 ft.
long and 8 in. in diameter. United Technologies Research Center (UTRC) and
Corning Glass Works have made gas turbine test parts with glass and glass
ceramic matrices. UTRC also has made parts for testing in a diesel engine, as
gun barrel liners, as shaft seals, and as components for space-based lasers.
The company sees the possibility that gas turbine parts will be made in large
quantity from glass matrix composites in this country within the next five
y'ea rs.

Development of improved ceramic fibers is being funded by the Air Force
Materials Laboratory (AFML) and the Defense Advanced Research Projects Agency
(DARPA). The program has produced SiC fiber with properties equivalent to
those of Nicalon (a Japanese fiber of the SiC class). Greater uniformity in

,, the strength of SiC filaments and tows is also being achieved. Current work is
aimed at greater strength and thermal stability, development of a silicon
nitride fiber, and improved coatings to reduce fiber/matrix interactions. The
AFML/DARPA program is still in the research stage.

Work on carbon-carbon composites for jet engines has several goals: lower

weight, better performance, greater durability, and reduced dependence on strat-
egic materials. Near-term applications include nozzle/augmentor flaps, cases.
seals, and liners. Longer term uses may include combustor/turbine blades,
disks, and vanes. A sound engineering base is evolving, and component testing
is under way.

Process Development

Dc'clopm, nt of reliable net shape processes for ceramic matrix composites,
as with the metal matrix materials, calls for a balanced approach. The major

90
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need currently is materials and process development. Both the materials and
processes available are limited and far from mature. High temperature rein-
forcements and fiber matrix reaction barrier coatings are needed. Among sev-
eral areas of basic science that need work is the micromechanics of toughening
and strengthening brittle matrices. Better NDE methods arc required, again
because of the possibility of fiber degradation by reaction with the matrix.

": Applications Development

Development of applications for ceramic matrix materials should be focused
initially on secondary structures such as high temperature radomes. Success in
these areas can lead to more critical uses as the technology matures. Also,

S. the materials have great potential in electronic and microwave packaging and
other uses because they can be tailored to obtain combinations of properties
not possible with monolithic materials. A novel, nonstructural use of advanced
ceramic matrix composites has reached a commercial stage at Arco Chemical Corn-

pany, which is supplying alumina reinforced with silicon carbide whiskers for
volume production of cutting tools.

RECOMMENDATIONS

To achieve the required improvement in manufacture of high quality,
- • affordable net shape composite aerospace parts, we recommend that action be

taken on the following needs:

Materials

1. Improved tools and methods to sharply upgrade the physical and
chemical consistency and quality of thermoset resin prepreg tape

and fabric used to make organic matrix composites consistent with
the variability in geometry involved.

2. A shift in emphasis from R & D on many competing composite mater-
ials to establishment of standardized, fully qualified classes of
materials.

3. Establishment of a National Center, with DoD coordination, to
qualify individual materials under a set of uniform standards for
different classes of materials.

4. A concerted effort to establish a Military Handbook on composites
to provide standards for characterization of materials, acceptable
levels of flaws and defects in finished parts, and other parameters
essential to orderly development, manufacture, and quality assur-
ance of composite aerospace parts.

5. Increased R & D funding of metal, ceramic, and carbon matrix com-
Va posites to support work specified in R & D road maps proposed for

these materials.

" 6. Establishment of small technical efforts to monitor commercial
activities in organic, metal, and ceramic matrix composites in the
U.S. and abroad for developments that could be applied to spc: lic

_.. DoD needs and problems with aerospace vehicles.
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Manufacturin ,
7. Coordination and careful monitoring of design-manufacturing

integration in organic matrix composites to insure that surge
capability is not seriously hindered by development of unique
engineering approaches and facilities by individual manufacturers.
Provision of a "bottom-up" and "top-down" approach to computer
integration of manufacturing and processing functions.

8. progrp'1 to identify issues that must be resolved to take full
advantage of automated manufacture of composites, including
confidence in unmanned operation, start-up and support costs,
quality control, design for automation, and need for reliable,
affordable, net shape fabrication processes.

9. Continued evaluation and monitoring of the development of pultru-
sion technology, which promises affordable manufacture of straight,
constant crosssection parts, using both thermoset and thermoplastic
resin composites.

. 10. Continued funding of technology development in injection molding,
where special resins and techniques must be used.

11. Special inexpensive fasteners for organic matrix composites that
are tolerant of variations in the thickness of composite laminates.

12. Costing methods that permit costs of composite parts to be accu-
rately predicted, taking into account the effects of a fully inte-
grated, automated manufacturing facility.

13. Development of uses for aerospace composites that do not require
their ultimate capabilities (such as in secondary aircraft struc-
tures or consumer products) to build production volume that will
provide experience with the manufacture and behavior of materials.

14. Funding for the development of reliable, affordable, net shape fab-
rication processes for metal and ceramic matrix composite parts.

15. Air Force sponsorship of university positions in composite manufac-
turing at leading schools across the country.

Nondestructive Evaluation

16. Techniques and sensors required for continuous, real-time, auto-
mated processing and NDE of composite materials at all stages of
manufacture, and automation of NDE procedures when warranted by the
volume of materials or numbers of parts to be produced.

17. Adequate methods for NDE of the strength of organic matrix com-
posite bonds to reduce reliance on metallic fasteners and the
associated drilling for assembling composite structures.
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Revair

18. Early development of battle damage repair procedures for both thcr-
moset and thermoplastic composite aerospace parts using thcrmo-
plastic materials, with emphasis on portable energy sources.
Repair information should be provided in formats compatible with
automated battle damage assessment aids. A bonding material, for
repairing battle damage to thermoset composite structures, that .
cures quickly at room temperature and can be used without drying
the structures. %4.

Appications

19. Air Force contracts that foster development of composites tech-
nology by teams of prime contractors, subcontractors, and material
and equipment suppliers, rather than for major demonstration proj-
ects, which often have failed to advance the state of the art or
transfer the technology throughout industry.

20. A mechanism for rapidly funneling relatively small amounts of Air
Force discretionary funds - in the range of $500,000-$800,000 - to
companies to support development aimed at critical technological
needs.

R&D ROAD MAPS

Working from the needs identified above, the committee developed nine road
maps for R & D in composite materials development and manufacturing technology.
They are designed to assure prompt and orderly achievement of the full poten-
tial of net shape manufacture of composite parts for aerospace structures.
These road maps, (see pp. 95-103), depict a coordinated R & D program. They
show the tasks to be pursued and the years of effort likely to be required.
The different starting times shown by the bars and gaps in the bars indicate
that work on various tasks must await the results of related efforts before it
can begin or continue.

Following the road maps is a numbered list of workshop speakers and the
titles of their papers (which comprise Volume IV of this report). After each
task on the road maps, these papers are cited where appropriate in parentheses.
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WORKSHOP 3 SPEAKERSa

1. Persh, Jerome. Keynote Address.

2. Pirrung, Paul F. Air Force Program Overview.

3. Dilley, David. "Blueprint for Tomorrow," An Air Force/lndustr\
Assessment of the Industrial Base.

4. Forest, David. Thermoset Polymer Materials.

45. Gibbs, Hugh H. The Whys and Wherefores of Thermoplastics in Advanced Com-

posites.
6. Hoffman, Paul R. Silicon Carbide Fiber Metal Matrix Composite Materials.
7. Schmid, T. E. Carbon-Carbon and Ceramic Matrix Composites.

* 8. Crossman, F. W. Design-Manufacturing Integration.

9. Ashton, Larry. A New Idea is an Alternative: A Cost-Effective New Idea is
an Innovation.

10. Von der Esch, Albert H. Manufacturing System Integration.

11. Steelman, Thomas E. Comments on Reinforcing Materials.

12. Busch, John. Economic Modeling of Composites Manufacturing.

13. Zweben, Carl. Metal and Ceramic Matrix Composites.

14. McKague, Lee. A Call for New Action in Thermosetting Resin Technology.

15. DiSalvo, Gail. Organic Matrix Resins: State-of-the-Art and Technology
Needed to Reduce Costs and Increase Usage.

_ .1 lb. Hood, Paul. Material Forms and Near-Net Shaping of Engineered Metallic
Composites.

'. ,.'

17. Kollmansberger, R., and P. Oliva. Innovative Tooling Development for
* 4.Aerospace Composite Materials: A Status Report.

'i -~ 18. Roquemore, John R. Transport Aircraft Design/Tooling Integration.

19. Wilson, Brian A. Filament Winding Technology.

20. Taylor, A. T. Tape Laying Technology Automated. "

21. Smith, D. L. Automated Ply Laminating System.

22. Jones, Brian H. Pultrusion.

a The material submitted for publication by these speakers appears in Volume
IV of this report.
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23. Stout, R. J. Thermoplastic Composite Technology Development.

24. Poveromo, Leonard. Future Composite Manufacturing Technology: Advanced
Curing Concepts.

25. Borstell, Hans J. Reducing Costs of Shimming-Prefit.

26. Hall, Terence F. W. Automated Assembly.

27. Marx, Warren. Composite Assembly.

28. Spinks, Donald G. Composite Assembly Proposals.

29. Harris, G. E. Future Quality Assurance Technology.

30. Chance, Richard F. Comments on Quality Control.

31. Mahon, Jack. Thermoplastic Repair Procedures for Future Advanced Com-
posite Structures.

32. Carrier, W. L. Repair of Composite Structures - An Overview

33. Cornie, James A. Semi-Solid Slurry Processing of Metal Matrix Composites.

34. Chellman, D. J., and W. F. Bates. Metal Matrix Composite Manufacturing
Technology.

35. Gurganus, Thomas B. Fabrication and Forming of Metal Matrix Composites.

36. Ghosh, A. K. Deformation Processing of Discontinuously Reinforced Metal
Matrix Composites.

37. Hauth, W. E. Polymer-Derived Ceramic Fibers and Ceramic Matrix Compos-
ites: A Review of the DARPA Initiative. -

38. Prewo, Karl M. Hot Pressing Fabrication of Glass Matrix Composites.

Prewo, Karl M. Ceramic and Carbon Fiber Reinforced Glasses.

39. Johnson, David W. Manufacturing for Applications of Carbon-Carbon to
Leading Edge and Nose Cap of the Space Shuttle.

40. Schmid, T. E. Application of Carbon-Carbon for Engines. I-.,

41. Dolowy, J. F. Metal Matrix Composites: Man-Tech Areas of Need/Net Shape
Processing.

42. Goddard, David M. Casting of Continuously Reinforced Metal Matrix Com-
posites.

43. Foltz, Thomas F. Emerging Composite Manufacturing Technology.

44. Palmer, Raymond J. Tooling and Forming Processes.

45. Hettinger, William. General Purpose Carbon Fiber.
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APPENDIX A

Workshop 1 Presenters

Taylan Altan, Battelle Memorial Institute
Charlie C. Chen, Chen-Tech Industry Inc.
Robert P. Daykin, Ladish Company
Harold L. Gegel, AFWAL/MLLM, Wright Patterson AFB, OH
Torn E. Griffin, Aluminum Forge, Inc. ...-.

Greg Henderson, General Dynamics .'--

James A. Hicker, Boeing Company
Sol Love, Private Consultant
Lloyd Lynch, Bell Helicopter Company
John McKeogh, Wyman-Gordon
Joe Melill, Northrop Corporation
James W. Nelson, Aluminum Company of America
Michael J. Reed, ASD/PMD, Wright-Patterson AFB, OH
William T. Richards, McDonnell Aircraft Corporation
Tibor Serfozo, Lockheed-California Company
Aly Shabaik, U. of California, Los Angeles
Mike Spinelli, Aluminum Precision Products, Inc.
Larry Wagner, General Aluminum Forge, Inc.
Bryant H. Walker, Pratt & Whitney Company
B. J. Webster, Martin-Marietta Aluminum Co.
John F. Workman, Lockheed-California Company *1'

Bruce Zelus, North American Aircraft Operation, Rockwell International

Workshop I Attendees

Don H. Baker, Jr., Albany Titanium Inc.
Gregory B. Barthold, Aluminum Company of America
Thomas Bauman, Northrop Corporation
John Bimshas, Charles Stark Draper Laboratory
Robert Brockett, Lockheed-California Company
Weldon E. Burgess, Boeing Company
David Ciscel, ASD/BIBD, Wright-Patterson AFB, OH
Robert Darke, Aluminum Company of America
James Donovan, Weber Metals, Inc.
Bruce Ewing, Allison Gas Turbine, Division of General Motors
Peter C. George, Boeing Company
Charles Gure, Chen-Tech Industry Inc.
Khang Hoang-Vu, Shultz Steel Company
Frank H. Keckeissen, Lockheed Missiles & Space Company
Joseph R. Lane, National Materials Advisory Board, NRC
David Lopez, Weber Metals, Inc.
Charles C. Lowery, Lockheed Georgia Company

0 Tom Matulaitis, Wyman-Gordon
Alan K. Miller, Stanford University
George Mochnal, Sifco Industries
James J. Nevins, Charles Stark Draper Laboratory
Thomas Newell, Aluminum Precision Products, Inc.
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Robert Pishko,- Almiu Companyv of Amrca ,-.-- ,'
d.

George Petronio, Grumman Aerospace Company h

Robert Pishko, Aluminum Company of America
Edward Raymond, Cameron Iron Works d.--,

Jim Shannon, Wyman-Gordon
Gordon Shultz, Schultz Steel Company
Stewart Smith, Cameron Iron Works
Olley W. Stellfox, Boeing Company
Gary Strong, North American Aircraft Operations, Rockwell International
Don Widner, Weber Metals, Inc.

.4 Les Wilshire, Vought Corporation
L. E. Wirtz, Lockheed Missiles & Space Co.
Jack Yoblin, Private Consultant
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APPENDIX B

Workshop 2 Presenters

Petcr Bridenbaugh, Aluminum Company of America
Sherman D. Brown, U. of Illinois at Urbana-Champaign
Rointan F. Bunshah, U. of California at Los Angeles
Art Cox, Pratt & Whitney Aircraft Group
E. J. Dulis, Colt Industries

-. Amit Ghosh, Rockwell International Science Center
Ralph Hecht, Pratt & Whitney Aircraft Group
Russ Hill, Airco Temescal Corporation
Anthony M. Ledger, Optical Coating Laboratory, Inc.

, Louis W. Lherbier, Cvtemp Specialty Steel Division, Cyclops Corp.
John Mangcls, Ford Research
Robert Mehrabian, U. of California, Santa Barbara
Donald Muzyka, Cabot Corporation
Steve Ping, Kaiser Aluminum and Chemical Corporation
Karl Prewo, United Technologies Corporation
David Richerson, Ceramatec

A, Angus Rockctt, U. of Illinois at Urbana-Champaign
B. 0. Seraphin, U. of Arizona
David Schuster, Science Application International Corporation
Robert A. Sprague, General Electric Company
Peter C. Smith, GTE Wesgo
Edward D. Weisert, Ontario Technical Corporation

~.J

Workshop 2 Attendees

Don H. Baker, Jr. Albany Titanium Inc.
-R%- John Bimshas, Charles Stark Draper Laboratory
..% Ken Bird, Albany Titanium Inc.

L.isa Blough. Gcncral Dynamics
William J. Boesch, Private Consultant
NMichacl Buckley, Rockwell International Science Center
Charles M. Byrne, Kaiser Aluminum and Chemical Corporation
Charlie C. Chen, Chen-Tech Industries Inc.
Andrew Crowson, U. S. Army Research Office
Michael DeCresente, United Technologies Research Center
I.. Duane Dunlap, Aluminum Company of America

3. Bruce Ewing, Allison Gas Turbine
S [rank Frechettc, Research & Development Center, Sohio Engineered Materials

Compan\

Dale Giescking, Boeing Aerospace Company
'I or F. Griffin, Aluminum Forge, Inc.
Robert F. Gosinhfin, Boeing Military Airplane Company

%. Arthur Hayes, Ladish Company
John Huebner, McDonnell Aircraft Corporation
A. A. Hendrickson, Michigan Technological University
Edward S. Hodge, Air Research Casting Company
Maurice Howes, lIT Research Institute

% Frank Hl. Keckeissen, Lockheed Missiles & Space Company
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Philip Keeler, Aluminum Precision Products, Inc.
Joe Melill, Northrop Corporation
Thomas E. Miles, Chen-Tech Industries Inc.
Michael Mitchell, Rockwell International Science Center
Tapas Mukherji, Lockheed Advanced Aerospace Corporation
James L. Nevins, Charles Stark Draper Laboratory
Soo-Ik Oh, Battelle Columbus Laboratories
Henry G. Paris, Aluminum Company of America

" Vimal K. Pujari, Norton Company
S. Victor Radcliffe, National Forge Company
Edward Raymond, Cameron Iron Works
Kay Rhyne, National Bureau of Standards
J. T. Ryder, Lockheed Advanced Aeronautics Corporation
Bernard Tittmann, Rockwell International Science Center
Robert Widmer, Industrial Materials Technology

"" N. A. Wilkinson, Cameron Iron Works
Les Wilshire, Vought Corporation
H. Thomas Yolken, National Bureau of Standards
Robert L. Zwart, Fairchild Republic
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APPENDIX C

Workshop 3 Presenters

Larry J. Ashton, Fiber Technology Corporation
William F. Bates, Jr., Lockheed-Georgia Company
Hans J. Borstell, Grumman Aerospace Corporation
John Busch, Massachusetts Institute of Technology
William L. Carrier, McDonnell Douglas Corporation
Richard F. Chance, Grumman Aerospace Corporation
David J. Chellman. Lockheed-California Company
Frank Crossman, Lockheed Missiles and Space Company
David A. Dilley, Wright-Patterson Air Force Base, Ohio
Gail DiSalvo, Ciba-Geigy Corporation
Joseph F. Dolowy, Jr., DWA Composite Specialties, Inc.
Thomas F. Foltz, AVCO Corporation
J. David Forest, Ferro Corporation
Amit Ghosh, Rockwell International Science Center
Hugh H. Gibbs, E. I. du Pont de Nemours and Company
David M. Goddard, Material Concepts, Inc.
Thomas B. Gurganus, Alcoa Technical Center
Terence F. W. Hall, Northrop Corporation, Aircraft Division
George E. Harris, McDonnell Douglas Corporation
Willard Hauth, Dow Corning Corporation
William Hettinger, Jr., Ashland Petroleum Company
Paul R. Hoffman, AVCO Corporation,?,

Paul E. Hood, ARCO Metals Company
David W. Johnson, LTV Aerospace and Defense Company
Brian H. Jones, Compositek Engineering Corporation
Ronald Kollmansberger, Fairchild Republic
John Mahon, Grumman Aerospace Corporation
Warren Marx, Grumman Aerospace Corporation
E. Lee McKague, General Dynamics Corporation
Raymond J. Palmer, Douglas Aircraft Company . ,

Jerry Persh, OUSDR&E, The Pentagon
Paul F. Pirrung, Wright-Patterson Air Force Base, Ohio
Leonard Poveromo, Grumman Aerospace Corporation
Karl M. Prewo, United Technologies Research Center
John R. Roquemore, Lockheed-Georgia Company
Thomas E. Schmid, Pratt & Whitney
David L. Smith, McDonnell Aircraft Company
Donald G. Spinks, McDonnell Aircraft Company
Thomas E. Steelman, Rockwell International
Robert J. Stout, General Dynamics Corporation '.'
Allan T. Taylor, Boeing Commercial Airplane Company %
Albert H. von der Esch, Boeing Military Airplane Company
Brian A. Wilson, Aerojet Strategic Propulsion Company
Carl H. Zwcben. General Electric Company
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-\1, in Ra, ('edcrberg, Brunsv, ick Corporation
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Roocr B. ('louL, National Bureau of Standards
Jack I. Cook. ARCO Chemical Company
\Xifliam P. Couch. Martin Marietta Baltimore Aerospace
Michael A, )Crcscentc, United Technologies Research Center

1-homas [.. De Fazio, Charles Stark Draper Laboratory, Inc.
Ja. [)csai. General Electric Company
Russell Dicfendorf, Renssclaer Polytechnic Institute
Richard J. Dionizio, Bonded Technology. Inc.
James Iaton, Cincinnati Milacron Company
John Fiorc. Fairchild Industries Incorporated
Sidney I. Firstman, lIT Research Institute
Frank Frechctte, Sohio Engineered Materials Company
Dana %i. Granville, US Army Materials and Mechanics Research Center
Paul Harruff, McDonnell Douglas Astronautics Corporation
Randolph C. Helmink, Al!ison Gas Turbine
Jim Huang, Naval Air Development Center
F. K. luber, Beech Aircraft Corporation
Joc D. Hudspeth, Murdock Engineering Company
Thomas G. Hynes, Composites Horizons, Inc.
Gary Jacaruso, United Technologies Corporation
Arthur M. James, Lockheed-California Company
Arnold H. Kahn, National Bureau of Standards
William J. Kearney, Atlantic Research Corporation
James J. Kelly, Office of Naval Technology, NAVMAT
Surva P. Kodali, Martin Marietta Company
Hars Kossler, Bell Helicopter Company
Joseph R. Lane, National Research Council
Richard J. Larsen, Goodyear Aerospace Corporation
A. T. L.askaris. AVCO Corporation
Rodnev M. Linford, McDonnell Douglas Corporation
Charles P. Logan, Jr., HITCO
Thomas Luhman, Boeing Aerospace Company
Gerald A. Lunde, Rohr Industries
Bernard Maggin, National Research Council
P. if. Martin. Dow Chemical Company
Barbara Masi, Massachusetts Institute of Technology
Milan Maximovich. Lockeed Missiles and Space Company, Inc.
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Lawrence E. McAllister, Allicd,,Bendix Aerospace Company
Joe Melill. Northrop Corporation
William K. Miller, General Motors Corporation
Soo-Ik Oh, Battelle Memorial Institute
Joseph E. Parnell, Alcoa Technical Center
Marina R. Pascucci, GTE Laboratories, Inc.
Arvid E. Pasto, GTE Laboratories, Inc.
Gerald Patterson, Atlantic Research Corporation
Milton J. Poullos. Jr., LTV Aerospace and Defense Company
David J. Raasch, Douglas Aircraft Company
S. Victor Radcliffe, National Forge Company
Edward Raymond, Cameron Iron Works
Darrell Reneker, Office of Science and Technology Policy, The White House
William M. Robertson, Gulf Stream Aerospace Corporation
Robert G. Rudness, Knoxville, Tennessee
Michael J. Salkind, Boiling Air Force Base, D.C.
S. C. Sanday, Naval Research Laboratory
Thomas S. Scarpati, United Technologies, Sikorsky Aircraft
Gerhardt F. Schenck, United Technologies, Pratt & Whitney
H. C. Schjelderup, Douglas Aircraft Corporation
Daisy 0. Schrock, Wright-Patterson Air Force Base, Ohio
Charles L. Segal, Raleigh, North Carolina
Shabbir A. Shad, LTV Aerospace and Defense Company
James K. Spitler, Lockheed-Georgia Company
Kirby Stone, Cincinnati Milicron Company
\William D. Timmons, Celanese Research Company
Bernhard R. Tittman. Rockwell International
Vincent J. Vitali, Pratt & Whitney Company
James A. Wedin, Xerkon Company
Les Wilshire, Vought Corporation
James S. Winegar, Fiber Technology Corporation
Robert Wolffe, E. I. du Pont de Nemours and Company
H. Thomas Yolken, National Bureau of Standards
Charles Zanis. Naval Sea Systems Command
Robert L. Zwart, Fairchild Republic
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APPENDIX D

Acronyms

AFML Air Force Materials Laboratory
AIMS Automated Integrated Manufacturing Systems
ALPID Analysis of Large Plastic Incremental Deformation
APLS Automated Plh Lamination System
ATF Advanced Tactical Fighter
BMI Bismaleimidc
CAD CAM Computer-Aided Design Computer-Aided Manufacturing
CAE Computer-Aided Engineering
CAP Consolidation by Atmospheric Pressure
CNC Computer Numerical Control
CVI Chemical Vapor Infiltration
DA RPA Defense Advanced Research Projects Agency,
FAW% Fiber A-real Weight
H A Forging Industry Association
HIP Hot lsostatic Pressing
LCF Lovk C clc Fatigue
N C Numerically Controlled
N DE Nondestructive Evaluation
PI Polvimides
PM Powder Metallurgy
P. k Plan \'iew Area
RF Radio Frequency
RSP Rapidl\ Solified Povn der
SPF [)B Supcrplastic Forming Diffusion Bonding
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